FLOW REACTORS FOR CHEM CAL CONVERSI ONS W TH HETERGENEOQUCS: %Tlﬂ’l'g%-(% _
Abstract: A apparatus for use in process systens which Tnclude exothermc
chemi cal conversions of organic conpounds to val ue added products is

di scl osed nore particularly, flow reactors for exotherm c chem cal
conversions using a fixed heterogeneous catalyst with nmeans for control of
the exotherm Flow reactors of the invention conprise a plurality of

wal | ed conduits (3) each having an outer surface disposed for contact with
a heat - t r an@) RTERNARHONAL APPLEATION PELISHEISHNDER(HEPOIRN IEOPERATION(TREATS (Papt ed f or

fl ow communi cation with a downstream nani

{19) World Iniellectual Property Organization
International Bureau

(43) Intervational Publication Date {10) International Publication Number
13 February 2003 (13.62.2003) PCT WO 03/011449 A1l
(51) International Patent Classification’: B01J 8/06, Scuth Sleight Street, Naperville, IL 60540 (US}). JACOB-
F28F 13/08° SON, Paul A.; 1149 Challenge Drive, Batavia, IL. 60510
us).

(21) International Application Number: PCT/US02/22550
(74) Agent: KANADY, Mary, Jo; BP America Inc., 200 East

(22) International Filing Date: 16 July 2002 (16.07.2002) Randolph Drive, MC 22074, Chicago, IL 60601 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,

(25) Filing Language: English AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
o ) CZ, DE, DK, DM, DZ, EC, BE, ES, FI, GB, GD, GE, GH,
(26) Publication Language: English GM., HR, HU, ID, I, IN, IS, JP, KE, KG, KP. KR, KZ, LC
o LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
(30) Priority Data: MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, 5D, SE, 5G,
{19/920,981 2 Angust 2001 (02.08.2001) US SL SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VN

YU, ZA, ZM, ZW.

(71) Applicant: BP CORPORATION NORTH AMERICA
INC. [USAJS]; 200 East Randolph Drive, MC 2207A, (84) Designated States (regional): ARIPO patent (GH, GM,

Chicago, IL 60601 (US). KE, LS, MW, MZ, 8D, SL, SZ, TZ, UG, ZM, ZW),

: BEurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TI, TM),

(72) Inventors: DICKINSON, Curtis, D.; 804 Cedar Ridge European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
court, Mahomet, IL 61853 (US). TAHERI, Hassan; 229 ES, FL, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SK,
[Continued on next page]

(54) Title: FLOW REACTORS FOR CHEMICAL CONVERSIONS WITH HETERGENEQUOS CATALYSTS

] {57) Abstract: A apparatus for use in process sysiems
j s which include exothermic chemical conversions
of organic compounds to value added products

is disclosed more particularly, flow reactors for

2 . exothermic chemical conversions using a fixed
heterogeneous catalyst with means for controt of the

exotherm. Flow reactors of the invention comprise

HHH | a plurality of walled conduits (3) each having an
outer surface disposed for contact with a heat-transfer
-5 medium, an inlet distribution manifold (2) adapted for
HE flow communication with a downstream manifold (4)
0B through channels formed by heterogeneous catalytic

T 0 0 00 00 0 0O

: ? material disposed within each conduit during operation
: 4 in a sequence of zones for catalyst having the same or
‘Al different length along the longitudinal coordinate of

7 the condnit and within each zone essentially uniform

5 sgag 2'] cross-section of the conduit measured in a plane

perpendicular to the longitudinal coordinate thereby
defining volume of the zone, and the sequence of
zones comprising of at Jeast two zones (5, 6, 7,
8) such that each downsiream zone has a larger or
smaller cross-section than the contiguous upstream
zone. Another aspect of the invention includes
processes which use such flow reactors, for example
the continucus manufacture of maleic anhydride.
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t hrough channel s fornmed by heterogeneous catal ytic nateéhg dls&ﬁgf
wi thin each conduit during operation in a sequence of z any al yst
having the sane or different |l ength along the |ongitudinal coordinate of
the conduit and within each zone essentially uniform cross-section of the
conduit neasured in a plane perpendicular to the |ongitudinal coordinate
thereby defining volunme of the zone, and the sequence of zones conprising
of at | eastwdummia®nes (5, 6, 7, 8) such that each downstgigassnzone has a

| arger or smaller cross section than the conti guous upstream zone.
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formed by heterogeneous catalytic materi al I'n each conduit
dur i ngopdiRyeg &howtar @@é‘?}g@ﬁ‘?ﬁ@dd@r PRAE Vi Gf heahiransies imedi. Ag e sane or

di fferent disngidh aim0G ddaptetGBOidWiriinice®r Wit atdewafrcbReng@ndui t and
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15 t
neasur ed i qﬁﬁ?ﬂfl eésen %i%‘ﬂ%ﬁ&%ﬁ’s ﬁg}?@t"ﬁ%&?@ﬁ%ﬁ?ﬁ? W8 fchat e t her eby
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| arger-or smaller) cro an the contrguous upstream zone.
React oits dpsentially uniform cross-section of the conduit measured in a plane perpend;cular o

the longitudinal coordinate thereby defining volume of the zone, and the sequence of

zones comprising a plurality of zones such that each downstream zone has a varying

- (Le. larger.or smalier) cross-section than the contiguous upstream zone. Reactors of

the invention generally comprise a shell adapted to maintain during operation the

20  outer surface of each conduit predominantly in contact with a heat-transfer medium,

and having an inlet in flow communication with an outlet for the heat-transfer

medium. '

Another aspect of the invention includes chemical processes which use such

flow reactors cornprising a plurality of zones such that each downstream zone has a

25  varying cross-section than the contiguous upsiream zone. Such processes include,

for example, the continuous manufacture of maleic acid's intramolecular anhydride,

commonly referred to as maleic anhydride wherein each downstream zone has a
targer cross-section than the contiguous upstream zone.

Background of the Invention

30 In most, if not all. processes involving chemical conversio,n's the control of
temperature by means for transfer of energy is very important, because chemical

_ reactions either absorb or evolve energy. Where highly exothermic reactions are
carried out in a flow reactor containing a fixed heterogeneous catalyst, energy

evolved near the éntrance of the reactants in contact with the catalyst is well-known
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the invention generally conprise a shell adapted to maintain during
operation the 20 outer surface of each conduit predom nagsznuaayg@oﬁ act
with a heat-transfer medium and having an inlet in flow comunication
with an outlet for the heat-transfer nedium Another aspect of the

i nvention includes chem cal processes which use such flow reactors
conprising a plurality of zones such that each downstream zone has a 25
varyi ng crassssaedi on than the contiguous upstream zoreryuskumssopr ocesses
i nclude, for exanple, the continuous manufacture of maleic acid' s
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which is C|rculated over the outer surface o con
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di stri but |D§tﬁ8ﬁ%agf PR TR C{f’ef%sfup ’sfafﬁ'%\ﬁ‘%ﬁﬂﬂ?fﬁm Bﬁ"{a“?\n""ﬂﬂi’uaahoélomst ream
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t he heat (T;Lenerat ed during the reactl o m)va capabilities
sufficient heat removarl and often wherein oxygen is a reactant, the reactants and

20 preferred products continue to oxidize or combust to non product chemical
compounds). Either of these occurrences often leads to an ireversible chemical or
physical damage of the catalyst and/or drastically reduces the Iife and/or
performance of the catalyst. Specifically, the catalyst may melt and/or fuse together;
the catalyst crystal structure or composition may be altered, any of which can cause

25  the loss of activity and/or selectivity of the catalyst to preferred products.

Many designs directed to an improved heat exchange arrangement for such
reaction apparatus are known.
For example, U.S. Patent No. 3,850,233 in the name of Oskar Wanka and
Jeno Mihaleyi describes reaction apparatus which is a compact structure of a closed
-30  type, without external portions, but with a compiex internal arrangement including é
pump which directs a flow of heat carrier medium along an inner tubular baffle toward
the opposite end and then through an opening in the inner tubular baffle over the
contact tubes and then back toward the pump for return through an annular space

2.



of the heat transfer nedium The result is that such reactors nmay operate
with a "hot spot" (i.e. the location in the catalyst begsyheiagy Podshe

exot herm c reaction exceeds the heat renoval capabilities of the reactor),
or "runaway reactions" (because of insufficient heat renoval and often
wherein oxygen is a reactant, the reactants and 20 preferred products
continue to oxidize or conbust to non product chem cal conpounds). Either
of these o®suBiEAdes often | eads to an irreversibl e chaEiseai2ssor physi cal
damage of the catalyst and/or drastically reduces the |life and/or

per f or mangewekn tdﬂearﬁl@lbﬁbé{ﬁé an§nﬁ&urfnbf:ﬁlbhwf bhfie CEHiA bRl MYerfd! ¢ and/ or
fuse together; the catalyst crystal structure or conposition may be

al tered, &AgnIsMeRhis SH (t,oaﬂ"’&‘%éé“os??"?rﬁ@e eeg sursecior Pethgataafiebr sel ectivity
of the catad y$ tdetieabler AéRT &xepangE OBlaadrhip Mbdectie Heg BFedht @Rbiadit 0 an i nproved

heat exchap enent for such reaction apparatus are known. For
exanpl e, %’%he%%[ccﬁ%“%pﬁoﬁesﬁ% 233 in the nanme of Oskar- Wanks and--Jdeno

M hal e descrU Belatend Aot 3,81 4P [ira tretname i iOskar iVéarda coeprinbtGisihubect ur e of a
closed 3Qng ﬁ@ﬁnaanrMEcrﬁég &fn@&ltmrﬁ’a‘?ﬁ&é@ﬂéﬂz’e P %p%ghﬁ fSPJLHgﬁgl i nt er nal

arrangenment i ncl udi ng directs a er medi um
al ong an PHn&e hPU”BEIP%ﬁ'e'Ea"F‘F'IW ‘i“'SWéPPHea@’ﬁéS Opfskd shell gnwhightrereien t hr ough an

openi gg |h arrbied I?mﬁcatn&ubabohrhﬁf idﬁes .OVifesel &b@tacﬁ@xﬂés’s}qﬁm&%ﬁﬁma@d then back
toward t r.return.throu n annul ar s 25 January 2006 WO
03/ 011449%3%%@0%%3&2@% th%e?%@g% gﬁi S TIPS t?aﬁ‘l‘"ﬁ'gglﬁr{ﬂﬁnf'ﬁre hner tubul ar
baf f | e10 Trdspeativenpealersi andeopenl at thair oppgeiteeartds| istosupipdr 4@l pwevhiedes a noSt

favor abl ecarln%we@%tﬁ eﬁereééaangéggeﬁgﬂ@gf@ Mﬁéc%ﬂwﬁeé’%' @?@ heat

exchange rel ation et ween 'Hermi ¢ cheni cal
pr ocessesand repayed P'éﬂ‘?t thege h@d871AQFAE9'WQn’f°tfh@ PRigne soheaskelanyénka,

Friedri chn@tjm}nhtsbﬁumpeanfﬁrddgtﬁ rEANBaxiéhal hébe sexbiangsr Wiée@& pﬁéhalancﬁjes' gn of
reaction ar erm c _and otherm c chem cal

arat.u exot
reactions, ﬁ'he\ﬁ B, 2 "8 h%\eﬁ F‘ﬁ“%ﬂi"weﬁt‘ﬁ%raé“ar% sPageq a?ﬂj‘léar SURPST @N¢al next of
cont acts t dbé@rgeﬁmé@ts doritwoterthebamiacinbesh Ratflet aicnareangahib #eysikl nat eri al |

o et T o BRAAYehSRATT BERMIAY 1 Rudde [d Wit hd AL SRARRN e © 10

respective ers an osrte en and | ower
heads cof- ¥ %tamﬁﬁlyt’fh@%??él redial ﬂé%ﬁi'@ﬂsowegtas abes ﬂletbwermghct #upplyghd t he cont act

t ubes ar Edzsuﬁﬁjel @fduigndt rea&mhe@d&zMr@U%utaha&ﬁut RefflSged\MGOFSHIRY to the
pat ent, thlg excha mis rough an external heat

exchanger "5n delll egra?)cﬁ%? gatwgﬂh%e suppli? arrtg) glscharge conhduits, is connected to
20 the heat exchanger and the shell, and suppiies and discharges a partial amount of
the heat exchange medium. In one of these Eompiex examples, several such
additional annular conduits are arranged at respective points of the shell intermediate
between-the supply and discharge conduits. In another, diaphragms or partitions
divide the shell side into separate compartments each of which hag a respective heat

25 exchanger associated therewith.
More recently, U.S. Patent No. 3,871,445 in the name of Oskar Wanka,
. Friedrich Gutlhuber and Cedomil Persic describes a multistage reaction apparatus for
carrying out exothermic or endothermic catalyst reactions comprising a pluraiity of
separate stages which are arranged sequentially within the reaction vessel and
30 consecutively passed through by the reaction gas. Each stage includes a separately
removable module filled with a catalyst, and a gas cooler in-the form of a heat
exchanger mounted downstream of the module. Each heat exchanger represents a

controllable pariial cooling circuit and all of the exchangers are interconnected by a
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di scharged to the shell through respective axially spaced annul ar supply
and 15 di scharge conduits, to flow over the contact tubegs jBaidryesosre
arranged in the shell to extend transversely to the length of the tubes to -
direct the heat exchange nedium to flow alternately in opposed radi al
directions over the tubes between the supply and discharge 'conduits. At

| east one additional annular circuit is arranged at a point of the shell

i nt er nedi a0 BétMeen t he supply and di scharge condui tegrisszesmnect ed to 20
t he heat exchanger and the shell, and supplies and di scharges a parti al
amount of ohfienNGalialel S SerflifioWhantd 0@ Mo erhilfiGe GHIRLR GG X ANP! €S,
several such additional annular conduits are arranged at respective points
of the shdPSUpRit Be RBERLEEISH dheRIFMEh Eraiipipeiydingrnaimen Sedt gxgrangssndui ts. | n

anot her, dinaphpudgFogrtedinltid felufrandhi of iofchdiCor MEkikuiSAdans PirfaSepar at e
conpartnents .e hasola res eat 25 exchanger associ ated

each grf@ whi ch gecti v[% h
t her ewi t h. "M SETERYSTS are roairolied Pd YEVRG o Breg- ey 420l mepkers pifle of - Oskar
Wanka, 5 Friacal$céncBsbiprisearpuaipd Aceetting to Re pateet wels eomprasn@istagkt | St age
reaction i .ng xot herm c .or dot herm ¢ cat al yst
react i onsarg%ﬁrr%'?%ﬂéh% rrlggt&;fo{)ﬁéﬁ&@/iop yexgwe"@%%é?% ogegr?lga%@ﬁ\:m% °%'8 arranged
sequent i alfiehipe tepeiiongas subseauerdii Pessss Birough de @l bedssbcallysisatiacepassed t hr ough

by the reagtraRerSap ardrRct cabagR i @Bélét{jé’o?m?or%%’t@& a e\écl? Elﬁ:ﬂ%\égtp le modul e
a he

filled with a catfa st,ﬁgnd a lgas cooler 1n the formo exchanger
mount ed dJWASEREENT Bt PrREARASHIGse Pediatnedbin Clet itpiediatiepy wieat s a

cont r ohd alpr thrgeawayi ahtra eeimberg and Wiwgté) 8@@3\% Hg?/d}iuiﬁiﬁ@s%iéﬁ]%g%%bgzgg 8

i nterconn 3 I . commmon
circul ati %%Eagb)?es%?nﬁqsg%vtlg'ﬁﬁé}%grg%ﬁ?nrcegggﬂtgaf é'PgoeW’EytdZSﬁﬁ?@?egtq}f?reth@ari ations and
to suppl y Ciase-seripn phihe geactoniand at theeentanvoron thel stageston therslsthintgya man heat
exchanger samadva, punp nounted in the return branch or branches of the
circuit and tr]f pgrti circuits or exchangers are controlled by val ves or
three-way contTdi %Hﬁ}@r‘éﬁgﬁéwtﬁﬁyaw%@@ Yoglo#Rseibse asegstonfer According to
t he Eauae_ntcam«dbmamﬂmmi_cmudi ta:i:dﬁlthagﬁc cét&ﬂf&rbédﬂomhaﬁm%é QEorﬁé’cﬁr yi ng out

exot her mi r of herpic_ catalyti.c reactjons in ich the reaction gas
subs equentﬁl b% %@Elge%ntat 'rﬁgri%!uag SRl &nd rerB%Vé’g Ot)? rE1(‘?ﬁtt Eﬁr@é{] gedipmcdyan n

t r ansver s @niulzirduglfgieench.cand e ciaputhtion thoaugh ed egtenal tenat dxeladnget. Mwoich each such
stage by mweaRRufin ty haRges [ 4 ; I ircuit is

controll a?lkee b aﬁ%@ﬁ’%’o r%%‘dﬁt hree- %%@ﬁ??‘éﬁ% gn@r%%rgﬂgﬁ{g?ﬁ%d %Fetrh the aid of
a mai n ci FEUPSPPEFEHst Hin hegt £X0pasy cap fsadTanged imeiugt tohidetreaiper at ure of

t he react cionlagjers anthbd ampyreddiitindividifabebciorRlof BiEast one annular duct via -

setting elements.

fn U.S. Patent No. 5,161,605 in the name of Friedrich Gutthuber a tubular
reactor for‘catalytic gas-phase reactions ‘is described with symparallel (sic) guidance
. of the heat exchanger. A partial stream of the heat-exchanger medium, immediately

25 neighboring the inlet side of the tube plate, is introduced through a by-pass channel
arranged in the center of the bank of tubes, by-passing the bank of tubes, and at a
point downstream of the discharge area of the heat-exchanger. In this way,

_according to the patent, undesirable severe local cooling in the reaction area of
the,bank of tubes can be avoided.

30 All the above-described methods are essentially based on modifying the heat
transfer from the contact tubes which contain heterogeneous catalyst after this heat
has been produced by the chemical conversion reactions therein. In a paper ﬁtied,
“An Alternative Method to Control the Longitudinal Temperature Profilein Packed
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cross-section of the reactor and, at the entrance of the stages, on the
substantially sanme level. U S Patent No. 4,657,741 in bhgamamp20ds Rudol f
Vogl, describes a reactor for 15 carrying out exotherm c and endotherm c
catal ytic reactions which includes a contact tube bundle and radi al

adnmi ssion and renoval of a heat transfer mediumvia an annular duct for
each, and a circul ation through an external heat exchanger. Two or nore

ci rcul ati ngvpivide4%are connected to the annul ar ducts BERfUsar25Wi stri but ed
over the circunference. The heat exchanger can be arranged in shunt to the

main 20 cf TadilaRbeRoRN INBECARNMTRAL Shahiith, bhCik! diflio REEELABR 0! At | east

one annul ar duct via setting el ement 61,605 in the

name of Fr P& EnFeiinaninged- anepmd gredi P HeQBQ'@ﬁfb%r AcGaldwsfitand Gyas- phase

reactions RSssda@% Gigebrg anbthdt nﬁﬁﬁaa’ﬂ'@}ebﬂhe ﬁéét%)en@bﬂoq@ﬁé% coffoitd g heat
exchanger . @ Ei;‘)?artl al strea exch mqggr medi um_ I mredi ately 25
t

nei ghborin &Yy ntfye?"'xg'igocé’%‘ls ‘fc’ﬁ‘g””ﬂgb@ Iofp e, ‘?"ﬁ’lsr'B‘ﬁ‘U%% qiRr ough-a-
by- pass 5chalpmethe axial rcamgiiitd. nSéeh®racestirgs oDﬁeMlBﬁ! Ebmﬂkamyntmh@a onby- passi ng

t he bank Oéhénﬁf&?%ea@rﬁﬂ % emﬁ@lé,gér?agg\ﬁnﬁ gg%labgﬁgdl ch e area of the

heat - exchanger Fabl e severe
| ocal cool PHGty of @F@Ctrt@ﬁétf\i‘tbﬁ materg Dbﬁtailsh@nmm rsflets aivbisertpelietoe avoi ded. 30

Al the abgyerdmgser hbpdsdiBédadBanms A Gaids S8R 't%'%.abac%eo%m modif,yi ng the heat
transfer fro .t he ﬁ‘onl?)%ﬁt t ubes which ai n heterogeneous catalyst after

this heat CHRICHEHhe it BEPOBS? ?ﬁé"’eeh%gnﬁ?aYe%d’ﬁ\FéFaB’ﬁbHaW@aEPmons t herei n.
In a paperdetanﬁvhiedlpatalys%\n\f\ihbmerrmabi sueh Mriethod coud IPaRY wa) bd hide LEAQI t udi nal

Tenper at UrtﬁarP ,%{”bds ggﬁﬁf%"dwﬁ% c‘?eagy%al%dzoﬁot A ?QUBE é]}44ge PCT/ US02/ 22550

Tubul ar React ons
gennai o- fe%@“ﬂ{&?%P@’QM) of timet #rek wlyme Fothe ded vithout Bite@gnibpancanedirt P. H.

Chal derbartkansfefofgaahméaiftonwﬂeoﬁersuﬁ%sofﬁétédéggest' ng anot her nethod wher eby
t he heat genergtl on te is controlled at the source, by mxing

cat al yst - cont al hcﬁ?gF P13etnd Gagr? qisd thsk|PRRestojanpatnech Bl @tainitd @ 5 al ong t he
axi al ¢®- qrelietmmieed Mténﬁremme@rdﬁ@s:ymépldcm t%he@&;@ﬂawohmgl um on

ol aral ty of e o) AEEh Qe RIERTR Bost o, JRGS0E ERE AFMP g pel | ot o
and inert GGtavskpaliets gerrviatiang variable alengshe kialdcovedinaidl @& & atdoestiediong t he axi al
co-ordi nateﬁ‘mmﬁﬂa %Eéd/upoﬁ IR IrbBiRDt b RREARFHANHoRS RRESheMindiBbia @S recovery
of catal yst qur an irr]:evrers%ie exothermic reacnon of A + B going to C with B in large
20 excess, a complex longitudinal profile of an axial inert body is shown as a graph.
According to their mathematical analysis, the complex longitudinal profile derived for
the axial inert body should, in theory at least, realize a constant jongitudinal
temperature profile. Where a typical commercial reactor for a highly exothermic
conversion contains up to 20,000 or even 30,000 contact tubes which are long
. 25 relative, e.g., 100 to 250 times their diameter, there remain uhsolved mechanical
problems involving fabrication and/or maintenance of a coaxial inert body in each
tube, as well as in loading catalyst into an annular space from the end with smallest
dimension.
Other methods of obtaining a predetermined temperature profile along the
30 axial co-ordinate of flow reactor containing a fixed heterogenéous catalyst is a -
quench-type reactor wherein coid fluid, such as fresh anfor recycled reactant, is
injected into the flow at a plurality of points along the axial co-ordinate or between a
piurality of catalyst beds. However, in a paper titled “Technology of Lurgi's Low
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to deactivated catalyst. \Wether or not such a nethod could in any way be
nore useful than previous described nethods, it is cleapkyaRapgdo®n the
regul ation of the heat produced per unit of tinme and vol une of” the bed
wi thout altering the neans for transfer of such heat fromthe outer
surface of the tubes. Authors Fontana and Canepa direct their paper to a
nmet hod of obtaining a 15 predeterm ned axial tenperature profile by

repl aci ng tweesiongdst pel l ets of Chal derbank et al, wbdydepaesi al inert
body whi ch nmaekes the cross section, taken up by the active catalyst

|l ets, o] i al - i nat
P?hengtl %]S%”rgr "8' r%cgg%égﬁ%ﬂ% &%Id‘??cﬁogﬁg%’glanﬁ ﬁéﬁ%’?l cal nodel
i nt o a oneenionsvates dhalfor Methane! podudinn iffomesaeros idikles exdhyreogendhe eacti on of A
+ B goi ”thb(aaaF r‘éﬂa C}& Ritt rbhlu@é]%tegoar%ﬁ&aestﬁe t6hef CﬁRhc?e’é gROILud]pal profile of

an axial iner o therr mthemati cal
anal ysi s, tftmf@rﬂi'éfﬁ%théﬂ d¢&§ﬁgiuﬁﬂnﬂirfm Feiﬂ’tflsf MO@Ow.rth&/f@dmeremre profide erxi al i ner t--

body” shoulib it h@&ﬂid( dbps| ABkS tﬁee%bae%eana ﬁ%%&rﬁﬁﬁutésofbg'at betisnal
t enperature @%ofl Where a tgPl cal commercial reactor for a highly

exot her m €94 'HWer"gl"%rPaE*brﬁt%ﬁen G to5erEh- Mg 0Teaftoe Bt 280 INgFESIBHNt act  t ubes
whi ch ar e tdnapegpi@b pratileat | ve, 100 to 250 tines their di arreter t here

remai n unsol v I rication and/o
mai nt enance o%rﬁ%'gggt&atﬁl%l ?hgeﬁ{ﬁ@o%g&b%&e/g%?\:wg EB%P UISHE Y I oadi ng
cat al yst iRt endathewmingl @fﬂfhgmeéeﬂtwm thrmaigle mbickhviat rhacgtanaftbid 3¢ floveidnensi on. Ot her

met hodg OEn@%rﬂéaﬁih@g r@aeﬁd@&%hﬁémiﬁs%thecma@ét%éiérgj H\th:fqhé% @bpRg the so

axi al co-ordi nate 3 |'ow reactor contal ni ncgc eterogﬁneous cat al yst
is a queftHEG Y2 Nealemiing,onBpalehsaEingiuid. gdteharagierized &Y thedatifah/ or recycl ed
react ant, theSc:rossmeeminedxrfh@t oreb e thd @ac#ih cﬂ:axﬁbw@'vbﬁéd Qlfon@QJttﬁttﬁe al ong the

axial co Iy r | ural it f cat beds wever, in a
paper ti ¢ Pl %‘Bﬁmﬁ ‘f“gﬁﬁ’rdg spgn W%E%fﬁﬁ'ﬁﬁﬁﬁ?ﬁéﬁ%e 03/ 011449
PCT/ US02/ z%rsgﬂoproé@sme rwtmanothemuemssf heaQHIEMERGH, the wbiyse 878, pp. 430 -
435) a4t hedachon. SR &%@Wﬁ)%{hgﬁd?% ﬁtﬁ@ﬁs IEQc,rtor"ﬁE Ia%H'P er 3 91@485&;8? from carbon

oxi des and h dro en the t ubul ar reac or around t he

t ubes pr oft r‘ﬁ)l"%”e{?cﬁlfg‘ﬂefﬂ? dirgclipg OF 46 9B dhey ﬁa‘ﬁ'“ld’é%f %Jcﬁd@ﬁﬁdhﬁtype react or .
Mor eover , dnahetetemrpmawmsahpﬁmr@ DRlR otfﬂ@nwmlsamulfﬁa@bp{hegéé)ps toward the

b o orfod P BT €l BEL e A SELATalE L =t 20 o
of from 0.12 to 0.22. As practical matter, the reaction chamber is made up of only '
20 from 2 to 5 sections of tubing having constant diameter.
Japanese Patent No. 61-54229 describes a chemical reactor for exothermic
conversions to form methanol which reactor has of a vertical reaction. column filled
with a granulated solid catalyst material. Gases required for the reaction are
infroduced into the top section of the reactor, and establishes a downward flow of
25 reaction gas through the interior of the reactor column. Heat evolved by the reaction
is removed from the column by vaporization of water surrounding the column, which
is at saturation temperature. The reaction column consists of several sections of
varying column diameter. In particular, the diameter of the upper part of the reaction
column, where a relatively large amount of reaction heat is produced, is
30 comparatively small; while the diameter of the lower portion of the column, where
less reaction heat is liberated, is larger.
There remains, therefore, a current need for improved flow reactor apparatus
for using a fixed heterogeneous catalyst which is effective in reducing the magnitude
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German Patent No. 29 29 300 describes a catalytic reactor, for use in
carrying out endotherm c or exotherm c reactions, througjmhbsivoasr eact ant
fluid is flowed, 10 and containing a reaction chanber filled with catalyst
material, which is in thernmal contact with a heat-emtting or

heat - absorbing fluid, and characterized by the fact that the cross-section
surface area of the reaction chanber is varied, along with the direction
of flow of the reacting fluid, depending upon the quantity of heat required
for conpletion of a given reaction, or the quantity of heat rel eased on
the course of a 15 reaction. For a proposed nethanol synthesis reactor, the
di amet er °gihe pRbeTh mducingtherpgLiegiasiation of calalvel @clivithgl/ar mechinicdl &IMERf of f1 ow of

t he reactatagst/blppbrt asdibérebinabidinh éterdptaneineenicé.n M1, i s a constant, having a

I ff | tub
T S L i L

0.22. AsC YMEEey Bféﬂrgaﬁ‘ﬁf?'éﬁm”“‘ﬂ%ésst'aﬂﬁrﬂ’Wgé?F&Yﬁﬁé?f VF'§9 AdgR PRAUST only - 20-from
2 to 5 sections of tubing haummancodaetaaitodi amet er. Japanese Patent No.

61- 54229Tﬁi@|§@nl|<QIQ§ln@rogm@éctd;seﬁpéngheérﬁcr ch%ﬁél@gﬁvmsﬁ) S 19&9%‘%%{ ?d ons to form

met hanol _whi ch react or T vert reaction co filled with a
gr anul at BHegeANEYSCARFYED MeaRsdph cpirol @é'%eeeé“’tfl%f&"uf‘?pé@“fscﬂf thisveptieg stforon ar e
i nt r oducesk in Apwcesh @hico pelsdesicbprrsohs bilveyanie agt @rndsam dalestdadsl preduves a downwar d

flow of gand £afdhveRe@AgelddiOUdyst he interior of the reactor colum. Heat
evol ved by the reaction, iIs renoved fromthe col urmé??y vapori zation of

wat er sur r ountid{lF! 2PECbINE RTFSEMRY HoN. fhereds pravdded adiow S3ACoRSATWAISRGR 6. The
r eact'i onplo@lity pirwalieh®ndiits eadh heengearadutes ewtatodisposdd foncantactmiih ¢ bbaHransthr anet er .

I'n parti gidhigh 1antrh(§dgfﬂﬁu%ﬁ ﬁ{amﬂjd &Qﬂed"l@%@v c@ﬁﬁ'lhnlegtloﬁ Jmﬂw Jrﬁﬁglkétggm col umm,
v\,hereareIfagfltvcf?;"ga‘I '\R%' cﬁnt of reactio \ g IS SO

conpar at "FE[Af WWRkgh cha Ffoé’"? RY hGieapgteers ‘Eﬂta‘itﬁ@a‘eﬂ?ﬁéfs ??8? ’f"IﬂUhea(?f‘ t he col um,
wher-e | eaduit dacg operatibreint se@iehéelnd peree i catalyst izvige the siime pediffepemtliengh

t her ef or gon@n&dhditG@ial &Q)‘?cﬁnafté)éf tHerHaﬁdQM%ﬁ’d \HhQMéaEr?f’o% 9§seﬁM@&ﬁBM§chsQr using a
fixed het e& «?%ousd gat al V\/nI @ fectjive in reducing the magnitude
16 25 JaRTTLPT EGR SN MeRRTR DT REPTReRRttHE ogh et AT QR R R of

cat al yst defoing valume ofift/zone, aecha mquarice obioher @mofisinged teastytsed zugporch , and

thereby M4Qiaeh Sivnbiafi AoHPhds@NSrgbrro3 8 E86kGRand egura@thagmeu&h.guo@ UdtreddrPr Oved
fl ow reactor would, by nmeans o? hi gher selectivity and/or conversion of

organi c 5%1ﬁ‘pounds, assist in inproving recovery of val ue added products.
Sumary of t hén émhodimenignaylieat ieast end flopredclr canmprisingal pltabtyof vedled @induits or

exot her Nk4eh GRERY dhdhteE UNIES HdpBE otbm8kct Fitd & ¥&8transfer medium, an inlet
distribution manifold adapted for flow communication with a downstream manifold through
channels formed by heterogeneous catalytic material disposed within each conduit during
operation in a sequence of zones for catalyst having the same or different length along the
longitudinal coordinate of the conduit and within each zane essentially uniform cross-section of
the conduit measured in a plane perpendicular to the longitudinal coordinate thereby defining
volume of the zone, and the sequence of zones comprising at least two zones such that each
downstream zone has a larger or smaller cross-section than the contiguous upstream zone.
Generally, flow reactors according to the invention, further comprise a shell adapted to maintain
during operation the outer surface of each conduit predominantly in contact with a heat-transfer
medium, and having an inlet in flow communication with an outlet for the heat-transfer medium.
Preferably, the ssquence of zones comprises at least three zones. Preferably, each downstream
zone has a larger cross section than the contiguous upstream zone. Preferably, each
downstream zone has a larger volume than the contiguous upsiream zone.
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het er ogeneous catal yst with nmeans for control of the exotherm Apparatus of
this invention is for use in a process which includes coBvahsdrpngoef
organi ¢ conpounds to val ue added products using a selective heterogeneous
catalyst. In a first aspect of the present invention, there is provided a
flow reactor conprising a plurality of walled conduits each havi ng an
outer surface disposed for contact wwth a heat-transfer nedium an inlet
di stribution manifold adapted for flow comruni cati on with an downstream
mani-f ol d Adneigedusig)iansveleactdre bEBEING Yo iNGhEInOBE BReYISechaloRing bbrutitegdni al

di sposed JWid ot B A6 ORI} ] £\ e%acgh (Rh e BRI BE b es Of

cat al yst haV|ng e sa erent I ongit

coor di nate8ua e thepsoqugtd firevoldme agg ?HP‘W‘%’&&?F %Bﬁ@@é%‘%ﬂ?a@’lg?ﬁ%ia?%'ﬁ m cr oss-
secti on @f01tdhaboot@BIUPferabysner ed i n a pl ane perpendicular to the

| ongi tudi nal coordinate thereby defining volune of the zone, and the
sequence of zones conprising at |least three zones such that each- -~ -
downst ream zone has a | arger cross-section and volunme than the conti guous
upstream zone. An enbodi nent nmay be at | east one flow reactor conprising a
plurality of walled conduits each having an outer surface disposed for
contact with a heat transfer medium an inlet distribution manifold
adapted for flow comrunication with a downstream nani fold through channels-
formed by heterogeneous catalytic material disposed within each conduit
during operation in a sequence of zones for catalyst having the sane or
different length along the |[|ongitudinal coordinate of the conduit and

wi thin each zone essentially uniformcross-section of the conduit mneasured
in a plane perpendicular to the |ongitudinal coordinate thereby defining
vol une of the zone, and the sequence of zones conprising at |east two zones
such that each downstream zone has a |larger or smaller cross-section than
t he conti guous upstream zone. Cenerally, flow reactors according to the
invention, further conprise a shell adapted to maintain during operation
the outer surface of each conduit predom nantly in contact with a

heat -transfer nedium and having an inlet in flow comunication with an
outlet for the heat-transfer nedium Preferably, the sequence of zones
conprises at |least three zones. Preferably, each downstream zone has a

| arger cross section than the contiguous upstream zone. Preferably, each
downstream zone has a | arger volune than the contiguous upstream zone. -7
25 January 2006 Advantageously, in flow reactors according to invention;
the cross-section of the conduit in each zone has a substantially circular
formw th a dianeter such that the third power of the dianeter is equal to
t he product of the volune and a geonetric factor having values in a range
fromabout . 0.01 to about 0.50. Preferably the




-7a 25 January 2006 WD 031011449 PCT/ US02/ 22550 geonetric factor of each
downstream zone is larger than the contiguous upstream z9hshafy 2606
sequence of zones conprising at |east three zones. In once class of flow
reactors according to the invention, the zones for catalyst have a total

| ength al ong the | ongitudinal coordinate of at |east 4 neters. Preferably

S in suchvddsmyvsdseactors the cross-section of the copghhiphidsgeach zone has a
substantially circular formwi th a di ameter such that the third power of
the dia neter u o,the roduct, of vol ume and a geonetric factor
havi ng \PaP'B%*é‘C?aﬁ" Fﬁﬁ%‘ dWBlFﬁagbzc?ﬂ? 15 1§19g% af'éheaB‘B'ﬁ‘?uo(f)'s fﬁﬁregrl%re preferably,
t he geormete fecthe aeduencenft zemsvoprising fat le@strthrexoropes.s | arger than t he conti guous
upstream zong, éercl'a}sg%f iﬁﬁﬂf’ég?frg a&:t)rd%@r{?ﬁ"ue Ir?vgntfbgnm@'z%éggor%atm&ﬁas'[ three

zones. | n anot ow reaCtors according to th nvention, the

zones f d@ve eataéieysw Q‘P&Géh%lo‘t‘gﬂtﬂamal reorindte af Firpst ﬁ@eltetﬁ%d?f?%@bhlal coor di nat e

of | ess ih HLan newp Ridbtork then@bﬁ @ctudﬁ’%%w@&&ﬂhh’ndé&cﬁ!&% Has QWubeAgdIgr s the -
e, condui t zone_has_a substantially circul ar

cross-section of
f or-m wi tHCHRr g‘i"&r’?@%‘@rd 1RmRler %ﬂawa&%ﬁf%?wfﬁﬁ%ld’aﬁﬁ@%qﬁ Rifheneter is equal
to the proideol ttefviune il 21 geonamit fact@em'ag higed mC4 erngélaumragoutal ues in a -

range f "()Qg%qub’&ut% 158, tt\ﬁ)orgg)%l%rabgré%% gedit %&Bre faea Md!g grg cometric factor

each wnstream zone | e cont i guo eam one for the
sequencé’““eofs Efﬂqe@a@o%r@%‘t'wt’%ﬂlpﬂ@aﬁtZomhrf@e thep seauenginot kenes enbodi ment may

be aidf | evmpreng bOEast i@ orbd19: 20 () a plurality of walled conduits each
havi ng an o ter surface %I sposed for _contact with a heat-transfer nedi um

(n) an inlef" MY 9758 26 Howdracfas accaringttadthe dvenliciwthectmiemiotat i on with .a
downst r eztalystdavd altotalt lbmgnﬂughn@ I&enﬁt@itwrrfaobmdmﬁk‘é dieéRrRgeaReus catalytic

et o | el oPRRRLY by 386 B SOACHL L JULbag, opaEaLian 28 (111) 2 sequence

of zones conpri si sing said
wal | ed EBR&Es 8 subsigntiallyiciicufar formivith wallaleter sacictiatttse thirt hower eftbd zone have t he

Sameysor d.dmétéeéea&al td %E%Fdau&%@%rvagm@'awg H;ﬁeﬂn@'?%t&rﬂ&lh@%)alu&?ord' nate of the

zone, t he_wal onduits within ea zone have essentially uniform
Cross- si’c% o mgla?té& Orfo byt 878 MorRiRtaratiN. dre gepmekis factor of
each downstream zone is larger than the contiguous upstream :one for the
sequence of zones comprising at least three zones. .
| Another embodiment may be a flow reactor comprising: | o
20 (B a plurality of walled conduits each having an outer surface disposed for
contact with a heat-transfer medium,
(M  an inlet distribution manifold adapted for flow communication ﬁm a
B _downstream manifold through_ channels' formed by heterogeneoue
‘ catalytic material dispesed within each cond.uit during operatioﬁ-.
25 iy a sequence of zones comprising at least two zones, said zones
' comprising said walled conduits, wherein
(a)  the walled conduits within each zone have the same or different
length measured along the longitudinal coordinate of the zene,
(b)  the walled conduils within each zone have essentially uniform
- Cross-section measured in a plane perbendicular to the
longitudinat coordinate thereby defining volume of the zone, and



| ongi tudi nal coordi nate thereby defining volunme of the zone, and -8 25
January 2006 (c) in the sequence of zones, the total crogsygRedriongd area
of the conduits in each downstream zone varies fromthe prior upstream
zone, (iv) at |east one crossover chanmber in flow comunication with the
plurality of walled conduits of a downstream zone and the plurality of
wal | ed conduits of the prior upstreamzone, (v) a shell adapted to

mai ntai n during operation the outer surface the plurality of walled
conduits of each zone predominantly in contact with a heat-transfer

medium and (vi) (36) tR%eDlhod i 1ol it cbibofd Qr\éegﬁﬁe%ﬂge hjon wth

an outlet for flow of the heat-trans di um era equence
of zones conprises at |&5R oy ?Bﬁé%"es fﬁ%f*@rpa?ﬂuystreéra@we downst r eam zone
has a | arger @v)oss asleat brErrdshaver ¢thamberomiidwgreotrsiniogiiot wittathe glonatity of Pr ef er abl y,

each downstream zo %iléﬁ%ncﬂ@ué ﬁragj%ﬁrnéf@!aﬂ'l' %etama'fhetpnﬁahﬁ%méllg&'%%m{éiaﬁﬁé eam

zone. In a second asgect of the present Invention, there I's provided a-
process which incP® %%Str‘é%?bfcﬁ'@’rm ¢ chemical conversions of organic
conmpounds to (al ue axteliedaptpt todwitasn dusinggpesatiseine cttenserfdve trerpbgaivedus cat al yst

in at |east one fl QuiidsR8sduRS or SN YohS braGomiRanB HcaHtdct Wit neddrdngdr cONdui t's
each having an outer surface disposed for contact with a heat-transfer

medium an inlet diSE¥"bH on manifol d adapted for flow comunication with
an downst r eanmvifani fdltee she¥ largh ac insetindibg céromwmiatidnwih et egiiehfeoiiss: of teal yt i c
mat eri al di sposed pidilhdrer@rReimcondui t during operation in a sequence of

zones havin erent | engt h al on the udi nal
coordi nat e gf Lfeﬁeéaﬁ’@nﬁaﬁ?%e'&ﬁa wEhTPasER ”??ﬁtlg' e%£%e€ntrF %}’@ FAR f or m
Cr 0ss- sect i ondeyfnsirdam 2o00bthsiat largeramss eettionihan the condiguous ypeielincaghar t o t he

I'ongi t udi nal  pREMMIAIE dSRREERY 208 hidd BFeMBl Tt Alhd BRigtORpstRARK t he
sequence of zones <conprising at |east three zones such that each

downst r eam zof& has a | arger cross- section and volume than the contiguous
upst ream zone. Anonleecontbepditimbine preagnt ingértivm thege inpoyidadesgoaghs witich ncl udes

exot herm c ch\améa@kotﬁ‘éaweﬁém&yn&noérs.a{s%a@sm&wmemgﬁa Jarae\éadeue added
products usin o

csulnt|vetl er% eneo a'%g@[ﬁ%tn% L | east rpneflow
reactor conpr['si ng SIS P SPS ﬁyeed?g JuP &g PN TEIR! CHBP SR out er
surface di spogeidratitypf wallert conduitpieadh havingeart outer aristedispeeeti fompontagtivith al et
di stri buti on . AgRirrfedmadlantaathid aktiblisMma MmN HIESE oPiwWohhuRcaoNpat r eam
mani f ol d an downstream manifold through channels formed by hetegeneous catalytic material

disposed within each conduit during‘operation in a sequence of zones having the same

or different length along the longitudinal coordinate of the conduit and within each zone

essentially:uniform cross-section of the conduit measured in a plane perpendicular to the

| longitudinal coordinate thereby deﬁn_ing volume of the zone, and the sequence of zones

.comprising at least three zones such that each downstream zone has a larger cross-

section and volume than the contiguous upstream zone,

Another embodiment may relate tb a process which includes exothermic

chemical conversions of organic compounds to value added products using a selective

heterogensous catalyst in at least one flow reactor comprising a plurality of walled

conduits each having an outer surface disposed for contact with a heai-transfer medium,

an Inlet distribution manifold adapted far flow communication with a downstream manifold

through channels formed by heterogeneous catalytic material disposed within each

conduit during operation in a sequence of zones having the same or different length

along the longitudinal coordinate of the conduit and within each zone essentially uniform

cross-section of the conduit measured in a plane perpendicular to the

-9-



t hrough channel s fornmed by heterogeneous catalytic material disposed within
each conduit during operation in a sequence of zones hags oghidng2cose or
different length along the |ongitudinal coordinate of the conduit and

Wi thin each zone essentially uniform cross-section of the conduit neasured
in a plane perpendicular to the -9 25 January 2006 | ongitudi nal coordi nate
t hereby defining volunme of the zone, and the sequence of zones conprising
at | east two zones such that each downstream zone has a | arger or snaller
Cr 0ss- sect i onlohfituningl leeordindid ihgrebyis:fitipg tdledaaf }e Reéne, Aidahesaaldngs otgessequence

of zones  COMBEhGRAg MledsAdS LodolLRR tEPORA ol Ao £RGD JuARE cam Z0ne

has a | arger cross section cont 1 guous upstream zone ef erably,
each downst r e SHPSHHENIRE e qogioyeys L\Pﬁfﬁ?l’f‘e“’?%ﬁf?ﬁ’% BB REJUGTSPEZAMESt r eam zone.
Typi cal |y, fl ownprieescit Bast tra@sczmneh Rofdrably, bdve downseedm ame hisua afver crgsBnpri se a
shel | adapted [ t f each
condui {25 JansactPDhebdusll) B RERe PRl sl Blnedh HdhaBp ST
contact with &9 “”Tert%ﬁﬂ‘st?ee?O"H%’ﬂi‘thé‘ﬁhz°ﬁ%l\Wmif"%1ﬂo‘i" Fﬂa'étPrS afcopdingdp

comuni cat i onthgiinvhntan figihed @mpfisera shilbadaptad totmiadnisd dringreghration tha opeef er r ed

cl ass of procgsfesorRbcHddfaditnvention include the exothermc chem cal
conversions of organic conpounds to val ue added products which 5 conprises
oxi dation of benzene or a hydrocarbon selected fromthe group consisting of
n- but ane, butene-1 and butadi.ene, to form nal eic anhydride. One preferred
process of the invention conprises oxidation of n-butane to form mal eic
anhydride by contacting n-butane at low (less than lower flammuability
concentration of 1.6 nole percent in air) concentrations in an
oxygen-containing gas with a fixed catalyst io conprising principally
vanadi um phosphorus and oxygen. Advantageously, the catalyst is

mai ntai ned at tenperatures in a range from about 360C to about 530C. In a
preferred process of the invention the cross-section of each downstream
zone is fromabout 5 percent to about 125 percent |arger than the
cross-section of the contiguous upstream zone. Advantageously, the vol une
of each downstream 15 zone is from about 5 percent to about 125 percent

| arger than the volune of the contiguous upstream zone. Mire preferably the
cross-section of each downstream zone which has a | arger cross-section
than the cross-section of the contiguous  upstream zone is |arger by an
amount such that during operation tenperatures of the

-9a- _



exot herm as neasured al ong the centerline are no nore than 50C hi gher than
the 20 heat-transfer nediumtenperature. For a nore corr? %‘ﬁ" Hp%gfstandi ng
of the present invention, reference should now be nade to e odi nent s
illustrated in greater detail and described bel ow by way of exanpl es of
the invention. Brief Description of the Drawing 25 Figures 1 through 5
illustrate several variations of flow reactor design. In these figures the
conduits (iweoenaact or tubes) connecting the inlet distridaptsseen manifol d
with the outlet manifold and typically packed with catal yst are represented
by the sh haded. area sur ding the

rgact or aﬁgg%n%ﬁag Elor%g}'? e “J' g%egétga@gﬂremlé%m g'?cﬂg S ’PiFéﬁ;#Pjgr medi um 30
Figure 1 i NWICQHWI@J a@c@ﬁ%fﬂfﬁ@rﬁaﬁi-f@n$fgrrmwum mul ti-tubular flow reactor,
wherein the. ﬁgﬂ@ﬂéh&§ Rs€ o r@&gﬁsaﬁtthg'lﬁv%ﬁﬁ{ 1nci'uﬁe9 é@tﬁw foy 2006 VO

03/ 011449 PCTI US02122550 Fi gure 2 illustrates a fi-tubular flow react or,
wherei n eat§TE8h GaTErSIARs HoHgFT'S @MBPUNGS pouvae gdesh PRgHEs VAR wherei n. ‘each

zone frem tdﬂipﬁ!%estcmdanttnl dﬂberllz&né)iﬁr a hyﬂ&bﬁﬁﬁ’l mwerd%ﬁrtﬁ@grbm%@qusw ea. Figure 3

| lustrate It byl ar, f| reac conwtls of 5
I(:ontj;snuous y P elgg ﬁ%‘f 85@@5&%@% ﬂaggc ﬁ@lﬁﬁ Petpée%f[ﬁdl et. Figure 4
i |1 ustrat emyoeessrofl thé invertiiah aump‘rlb@fwxrdemmbn-butaoermfnmdalat aghyplidertgl i ty of
zones Vmercﬁinﬁcﬁdg)n—ﬁlténec&qﬂb‘ élgss.-‘. théh f%bv@ngﬁﬁrﬁa%gﬁj @Jng%n(ﬂ'fatlo%oﬁ%t@m% Cross

sectional area Il ne 1's connecte b equen{ zone by a
crossover Qﬁﬁ%?ﬁ{)é‘r aquﬁequns ig Gn| eygencgestainingwodsr With eHeprcatalygus zone and

redi st rb buiomphéll&g bhmmatlp v&ﬁb@tuﬁ@@ﬁbﬁ%@ru@fan& sy de. nﬂ&ﬁant’é@é&slyaﬁﬁ (iii) the
rom one zone to

cross sect t
t he next. 4993% m%\ fle&saf %B’P%rggées%? faing‘? L‘Bﬁ?é‘?“t ?qo\!&/mr%’%tt%mc conprised of a
plurality of lzr@rwsfemmaprecess f the triventioo thelrtss-sacten of eavbBivAdkeadr 0SS

sect i onal 2hed fdh abdu SRS b labdr BAGLERNSd S FAPOSELEAL O Lhe subsequent

zone by '‘a crossover m t he
previ ous ztB?léO'%E‘ﬁ‘éP‘ﬁsé{ﬂ’P@%’ﬂ EQJ“Fe Adyantagesvsiy. dhe yaluresopfdedch slowfisteli®  next  zone,

and (ii) Zohe inksrhebonfs ﬁéiéuil\tltd aooummsé?ce&megevaﬁn%e F4lGHe bk the total
Cross- Seth'o trllg%lousaﬂp%ﬁ'eam zone ﬁc?rg %lrjelférgb@ R’neec?o%s-séc%gr? omy ga{clt'\%%wfnsrtrggqmone zone 1o
[ he next.

zone which has a larger cros§-sect|on than the cross-section of the contiguous

upstream zone is larger by an amount such that during operation temperatures of the

exotherm as measured along the centerline are no more than 50°C higher than the

20  heat-transfer medium temperature.

_ For a more complete understanding of the present invention, reference should

now be made to the embodiments illustrated in greater detail and described below by

way of examples of the invention.

Brief Description of the Drawing

25 Figures 1 through 5 illustrate several variations of flow reactor design. In
these figures the conduits (i.e. reactor tubes) connecting the inlet distribution
_ manifold with the outlet manifold and typically packed with catalyst are represented
by the shaded areas on the figures. The unshaded area surrounding the reactor
tubes represent the area occupied by the heat transfer medium.
30 Figure 1 illustrates a conventional prior art multi-tubular flow reactor, wherein
the. conduits are of constant diameter.




It wll be understood by those skilled in the art that, as the drawing is
diagrammatic, further itens of equi pnent such as condens%§anulg§fa§006
exchangers, 20 reflux drums, columm reboilers, punps, vacuum punps,
tenperature sensors, pressure sensors, pressure relief valves, control

val ves, flow controllers, level controllers, holding tanks, storage tanks,
and the like, would additionally be required in a conmmercial plant. The
provi si on a&fo®welgeaddi tional itenms of equi pment fornepdi@soipassh of the
present invention and is in accordance with conventional chem cal 25 .
engi neering pr Lce.. ne instang.invention relates to a catal ytic reactor,
t hr ough whi ch @ﬁ%bgmﬁ%tfages F el %&'HW? L T HNSIAN | 820 fa dP ng exot her mi ¢
reacti ons @murisedi e Bivelity b zanes ahd béreio reachp zorebuiedm inldieo e@kak i C reactor
conpri ses iﬁcr@ish‘ab%#ds&%ed%né{‘@#eh_ed condui ts each having an outer surface

di sposed for contact wwth a heat-transfer medium and an 30 inl et

di stribution nfE#HT S Yusialepaemulidiouipr fow eeateunvhesin eachwionduitas dbwnst r eam

mani f ol &. dohigpostdnmbdsigrtraRastticanstes frorh Midtdh&r ogeneous catal ytic
mat eri al whi _chF i | ow of reactants and reaction

- is,Jhh contact with the f .
products dur i négué"f)ér' ?S:%rstﬁ? aE%thbB%hH‘lW (PR PMeEed O e BBl O of zones
havi ng t hezogemiehersin @ dlifosnduits inl it Zonabeny cordseant drds2&citanuaday (iR006 VO
03/ 011449 R ' ' r di f, the condujt. Each zone
i's of esseﬁ%?—gﬁggﬁ%ﬁ?"g?dn#c’gﬁ%éﬁsbggidé@tltzlog‘%g%g °ﬁ%%§’8§ﬂﬁmb?f %%"ﬂql ed in a plane
per pendi cRPUEet 18 ew Bom diegareviny Aene and ersistributettes fidwelo dipycoddiits oiitng vol ume of

the zome. rert Zohe 56 GIIENE €roSf scbBMBPareL8Cdhch AAWAR i R8T RARRI RS, & di fferent
cross-sectolnggor;teI}%p thet contiguous upstream zone. 5 Typi call y, such reactors
htevi\18x

conprise at [eds zones, preferably three zones. Preferably, the cross
section of eadtigupohdllistattargeulti-tubaar tidve reaoibt, icghprsed URSE plgaiy ozone.

Pr ef er abl WonRa81a,Sip r rger.. vol ume. t han t he conti guous
upst ream zone. ngew{ég Ht%é)’vgﬁoé?l%\%tgﬁtsérgsczsgs()e?téﬂnﬂlgar?%'nt éori‘ei?v@hti on, further

conpri se ESC}SJFP@P |is %R!I‘Qﬁ‘ft%tot*b? PHEBAUBALIFOBRIPY A grosgmyemttiamhertwhichonit er sur f ace of
each cendubilect te MRERENtHRPEYs hcfhecaﬁme%%%rib}[@%ttﬁé fiddBo %%?&uﬁ??ﬁlﬁeer medi um and
or

hav! ng an nieﬂlz%te in fil'OW com icatjon w an outl et he” heat -transfer
medi um Qe &Rt @ A %PU?’H%UQ GOt Breack zene Yages sicldhat theFiolglre 2. The
react ant s cepmgtsectiongl aied oleitcenciteinfeach 20h@vars friom of®behehie@dnbitnes | into the
L):’\L(ragl :j![ ;t :):c b(%higlr}fe{rgﬂ%efrét?%ﬂagyd(t)rb%%,[%lgige:d?nﬁwt fRt St ?h%g éjsl kh%ecﬂgv%iné)?sss through a
diagrammatic, further items of equipment such as condensers, heat exchangers,
20 reflux drums, column reboilers, pumps, vacuum pumps, temperature sensars,
pressure sensors, pressure relief valves, control valves, flow controllers, ievel
cantroflers, holding tanks, storage tanks, and the like, would additionally be required
in & commercial plant. The provision of such additional items of equipment forms no
part of the present invention and is in accordance with conventional chemical
25 engineering practice.
The instant invention relates to a catalytic reactor, through which one or more
reactants are flowed while undergoing exothermic reactions and conversion fo at
least one product, the catalytic reactor comprises a plurality of walled conduits each
having an ouier surface disposed for contact with a heat-transfer medium, and an
30 inlet distribution manifold adapted for flow communication with a downstream -
manifold. Disposed within each conduit is a heterogeneous catalytic material which
is in contact with the flow of reactants and reaction products during operation. Each

- conduit comprises a sequence of zones having the same or different length along the
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1s collection manifold 4. Each conduit conprises zones 5, 6, 7 and 8 of

varying cross- section and length. The heat transfer nedijgmgf oBgters
annul ar space 9 (i.e. the wunshaded area) surrounding the anggry{z v‘?a l'ine

10 and exits via line 1'i. The reactor effluent exits via line 12. In this
figure, the conduits connecting the inlet distribution nmanifold wth the
outlet manifold contain catalyst and are represented by the shaded 20
areas in thkeodsogydee. Anot her enbodi ment of this invenpiwisedBshl | ustrated in
Figure 3 wherein the conduits 3 are of gradually i ncreasi ng cross section

reasur ed | BrduBhASouREERE T Culal Elof BeeOBOLENAL Pl BROLA e, o

opposed to t st ge in cross Sec " °78ne shown in
Figure 2. Sﬁﬁémglﬂ'échﬁalcmﬂuﬂ megagweil ng T misne Pfpendicylarote tle tohgitudioaldui ts in

Figure 2 isoffmeikab) Yo voRhRNr thd 26, 'lﬂftﬁéqééqﬁeﬂwrm‘%negf sachONES. Yet,

anot her enbodi nent of " this’invention | s | ow reactor conprising: (i) a
plurality “Wé‘?alnéEP”E6'ﬁﬂ€1|dtﬁ§re€§aﬁ'ﬁssi‘r9&9§'°ﬁ'g}h%h%9‘?"@9“%’&1Ppﬁ@émcﬁog%osed for. .

cont act s wi Typicaliyhesath rézgesf esmpredi atMeasdiOwmbi zo)wesanpréferlasrg, @fest FdnbyIt | ON mani fol d
adapt ed fofgre{ La% ?"%%Q'Sg&fgbéﬁ?e%%mﬁﬁt%%{gg ﬁ"ﬂi‘ ‘{I}&]}:?:‘-{gﬁ%t hr ough channel s

fornmed by héeterdgeneous f¢@8ch condui t
during ope?toam Greferatip epen dca\mameayn 2090 @@érommmaha?mié CEABIRR550 (iii) a

sequence Qf sﬁ%@?on%o @éﬁér&lyn%mﬁﬁea§t§r§§[:co§'d’\ﬁ th gfé ' tgrtﬁe(? Qﬁlﬁpns(é onpri si ng

said wall ed conduits, wherei N each zone have
the sane ot Saelf pdapisA o ’F%‘H@jﬂrﬁ“ﬁ%%?ré@"aihémgtef Isé*‘facgngletmbhcnmwtcoor di nat e of

t he zone, pﬁec(da')lnahﬂgemvﬁhtbﬁdvuﬁ(lﬁ@Héét-%’aﬁ!!férh*héaluﬁ\aﬁﬁﬁ REAE MAMSt rﬁsﬂﬁ\ﬁnt' ally

uni form ¢l %%mcghctnl F r ‘ﬂﬂj{ Qj] tet‘ F ane erpendl cular to

| ongi t udi nal oG e HAR 8" PYHIEF BB SEFHRNSTY e of the zone, and (c) in the
sequence of zoPresgmiddmenbofahe inverdisn selmstramah Fauwea. Jhetré@tan@ndui ts in each
O CAErg A RF vE AL Ml ihes 1 (RO HEPAINE RS ooz 21 1 Pt one

crossover | ow conmmuni cat wal | ed
condui ts thee{em@f}de@w%n%ﬁsdhmugfhe plorality f ptnryium‘sw‘ah Ide\dnstremndw ts of the

prior wpStehRRBBZRRR0ld 4. Each conduit comprises zones 5, 6, 7 and 8 of varying cross-
section and length. The heat transfer medium (HTM) enters annular space 8 (i.e. the
unshaded area) surrounding the conduit via line 10 and exits via line 1. The reactor
“effluent exits via fine 12. In this figure, the conduits connecting the inlet distribution
manifold with the outlet manifold contain catalyst and are represented by the shaded
20 areas in the figure.

Another embodiment of this invention is illustrated in Figure 3 wherein the
conduits 3 are of gradually increasing cross section measured in a plane
perpendicular to the longitudinal coordinate, as opposed to the step change in cross
section from the prior zone shown in Figure 2. The gradually increasing cross

25 section of the conduits in Figure 2 is essentially equivalent to an infinite number of
- zones.

Yet, another embodiment of this invention is a flow reactor comprising:

@ a plurality of walled conduits each having an outer surface disposed for

’ contact with a heat-transfer medium,

30 (i an inlet distribution manifold adapted for flow communication with a
downstream manifold through channels formed by heterogeneous
catalytic material disposed within each conduit during operation,

=12~



catal yst cont ai ni ng - d¥igtungasurgd pigngthe Ilﬂ"B'HJdE'BIr@"&dtS‘a*&

@

" (v) a shell adapted to maintain during operation the outer surface the 15

plurality of walled conduits of each zone predom nantly W th a
heat -transfer medium and (vi) the shell having an inl etﬁ?‘rjl&ﬂgwﬁ%

conmuni cation with an oui,ei for flow of the heat-transfer nmedium This
embodi ment of the invention is illustrated in Fi gures 4 and 5. The
reactants and 20 any diluents are fed via one or nore feed lines |I into
the inlet diosgboirhwti on manual 2. The reactants and dpdmgpdssspass through a
plurality of catalyst containing conduits 3 in a first zone to a first

crossover chaq@er a45eq§h|$qer 8@%"%@%‘“8% a4 Iéé@@h?o anﬁagé{lﬁ {Oﬁ%Ctl on products

fromthe previous zon ow pass sover rough a
plurality of cat alcyrgpfismgrsalalmlladgzoodwam}'lesellﬁ ina second zone to a second 25

crossover chanber ( TewsRaAkOwiNacHizbUERAS R WrRNt diGRAE | on product s

from second zone ass from crossover chanber %? a plurality of
WeEe%r ossover. -
chanber 8. The reapt aﬂﬁéiwaﬁﬂ)todddltﬁaﬂhi& eaamd_or@uavéaaasémam yifegct s from
third zone pass from craossoyer chanb t hrough a I%rrat?l (LﬁelOf cat al yst
I

cont ai ni ng condui ts 9 T 3°F8lr PR*6i e"}o anﬁarl?utpf”é’?n 0. 30 The
reactor effluent exit dorghedinabeotdoratethereby defnidd voluRiecoftiestong, matisf er nedi um

enters annul ar spgce ;13.(ls A onduits in
each zone via lin :ﬁ f&%"f‘égsf‘g@?. ne{&%ﬂ C%éptl onailg%, J??EFC“ onal
reactants and/or di| uSAbdited) erch PewnsBeRR ene Ny Horbrtherdiier of the
crossogyer chanbers vi g gﬁéae,szoﬂé 16 or 17. In -13 25 January 2006 WO

03/ 011449 PCT/, 802 0 these fjgures, the catalyst cqontaining conduits
are repr esent & 'fzaﬁsg °§‘F13r8%38"eér°b%§ er ﬂaﬁ"’tf@”‘f‘]“@'ﬁ?tég wij %%]'Itye 4, each zone
contai ns an equal obwalmdfdoamaatof Auddsestreafn zopadinkdtise wiutdity dof heller 0ss secti on

of each conduit iggiﬂﬁﬁﬁsﬁg%\}%r@{]%@&&nsg&?equent zone. In Figure 5, 5 the

cross section of ~conduit in all zones is constant, but the
number of con@ili t 8 & ia8apteth te awintan Auinguereratinmthe Rider Burteke dheoss sect i onal

area of the conduwsantylomwslfe@Bormwéftera@afanégféaoﬂnmsrﬁt@%@o%tac{ W4 he prior
upstream zone. th I atter nbodi ment of the invention nay additionally be

conducted in one 8?""%?%”?9@&‘(%? vessel s connected in series, such that
each reacti on(waesml shell bavingrap rinlet drsflonenotunizatiod viilke Sundi fortiby 8f
configuration, Q{Qt?t?a%\%f]mg ] er conprises the collection and

e bot

di stribution manl olds at 't ‘tom and top,
This embodiment of the invention is illustrated in Figures 4 and 5. The reactanis and

20 any diluents are fed via one or more feed lines 1 into the inlet distribution manual 2.
The reactants and diluents pass through a pluraiity of catalyst containing conduits 3
in a first zone to a first crossover chamber 4. The reactants, any diluents and any
reaction products from the previous zone flow pass from crossover chamber 4
through a plurality of catalyst containing conduits 5 in a second zone to a second

25  Crossover chamber 6. The reactants, any diluents and any reaction products from
second zone pass from crossover chamber 6 through a plurality of catalyst containing
conduits 7 in a third zone to a third crossover chamber 8. The reactants, any diluents
and any reaction products from third zone pass from crossover chamber 8 through a
plurality of catalyst containing conduits 9 in a fourth zone to an outlet manifold 10.

30 The reactor effluent exits the reactor via line 11. The heat transfer medium enters
annular space 12 (i.e. the unshaded) surrounding the conduits in each zone via line
13 and exits via line 14. Optionally, additional reactants and/or diluents may be

introduced into one or more of the crossover chambers via fines 15, 16 or 17. In
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respectively, of contiguous reaction vessels. Further, the reaction vessels
could be operated with individual or common cooling | oops jbhusfy 2bdte flow
path of the heat transfer nedium. An 'individual cooling | oop  conprises
a flow path for the heat 15 transfer nmedi um which passes through only one
reaction vessel. In contrast, a "comon cooling |oop" conprises a flow
path for the heat transfer nmedium which passes through nore than one
reacti on veasmsloii4d key feature in the design and util pgatdepnssaf the flow
reactors described herein is to control the residence tinme of the

reactant s fkeqgels AA0Es (ATIUHATLRBLR &b ReorcRBned BPhesRELhanaL area and the

| ength of each zone (thereby varying the volume of” each zone) such that the
heat gener®@t@RfiGYI#Si ng t he exothermic reaction(s) occurring in the conduits

in each zone daeguRod, eamgﬁﬁ cbht@m@éfpéﬂ’mhl GHdiffRest n@rﬁmlaf eon@its Rth ng
transferre to and rer}D eh ’%U\} heat, t%%nsber n;g |um||}r} t he_ annul ar space
sur r oundi nge PRES SEGHRTLA" Each gangt INErEINg 1y R SUGFRINER A B EEP i n this -

f ashi ons 2Shegswsrsectnnlofedahdmiividub! cotdui incatitzemds iDtorksiant, b@diEtriumberagcurri ng in
each zone Joﬂdditp ar%étu?Qéch z%ﬁ@&u Nﬂgat thrtcg@tdr&@ sgétlo'rlxgﬂ%} Srg%e Cohdwt%unaway

reactions", and/or reactor 1ns avol ustrated in
the Fi gur €8eachidgwrssiean ZQIFQ)IQ@'G@QEff¢lbthe@floftwetfﬁtﬁﬁ’!mﬁt s increases fromthe

prior upstreanqua@ereh'@wmeﬁt,ofrtﬁyﬁ«ehtrmmyléaamaﬁawb@emd@&m AlRe reactor 3o
desi gns wherein t%% total cross section Aﬁ‘it? e conduits in a given zone
a

decr eases ° fPYM BHEOH MEBTElS) FAT PRI, SRS, Heh GaBL &agton; ¥esediow r eact or s
accor ditng dompiisey entsi ommordweomersosm s icoriguafion, tihe camdmr tchdmbegach zone has

a substantj.al kM. CiLC : dia at -14 25 January 2006
Vo 03 011478788 RobBGoh o b, deBufda BRI, o ML {eBheitf X equal Lot he
product offespReively| afventighelsareabiomeassdls Fyrthet, dhe teadtiongessalswedd ba a range from
about 0. Ojopér@teabiﬂw m@wgﬂﬂat oPE@ﬁ%B@l%c\f ng Mops GO fibk phRCH We Rlarach

downstream z i he conti guous upstream zone for the
sequence g]ﬁa %‘F‘t‘@npg” s'Pé{\(ﬁ{;{ cqolingsipor’ kﬁo@é”%r?egf’w gath fordpreheatass of f1ow
react ons aranmrdnetgumerﬁdmepaslasemtdugm,only hee Z08W@iGn fvessel alratbonghst, have a total

I engt h al egg th coof?rgglbé Udclom oo d| nﬁh%{)gtl%t@th ge{“rs?edﬂﬁwt eg'&‘ﬁ Preferably

in such fl ow reacto 058258 zone has a
subst ant i @Iaﬁ%‘?sﬂ’ktqugbmoaﬁrthﬁlmﬁfmrmqﬁw‘aesahiarret er such that. the third power of

the di ameter M'Ske?%bi!lre iroiné B&signRin® diiSAtioR br 0 Row AlabidR RBdinéy gegRetric factor
havi ng Vallsu%scohtrr]o] ahe res gngert?mng gfbtgg treactants in each zone by varying both th
g bo e
20  cross sectional area and the length of each zone {thereby varying the volume of each
zone) such that the heat generated during the exothermic reaction(s) occurring in the
conduits in each zone does not exceed the amount of heat capable of being
transferred to and removed by the heat transfer medium in the annular space
surrounding the conduits. Flow reactors designed and operated in this fashion
25  essentially "control” the extent of the reactfon oceurring in each zone to the extent .
that the formation of “hot spots”, runaway reactions”, and/or reactor mstablhty can be
avoided.
As illustrated in the Figures, the total cross section of the conduits increases
from the prior upstream zone. However, this invention also contemplates reactor
30  designs wherein the total cross section of the conduits in a given zone decfeases-
from the prior upstream zone. | ‘
Advantageously, in flow reactors according to invention, the cross-section of

. the conduit in each zone has a substantially circular form with a diameter such that
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to 0.015 to about 0.100. More preferably, the geonetric factor of each
downstream zone is |arger than the contiguous upstrean1§§g%1
sequence of zones conprising at |east three zones. |In another ass of -
flow reactors according to the invention, the zones for catalyst have a
total length along the | ongitudinal coordinate of |ess than about 3 15
neters. Preferably in such flow  reactors the cross-section of the conduit
in each zom B3ased substantially circular formw th ap@i@gphes such that
the third power of the dianeter is equal to the product of the vol une and

| bout 0.10 t bout
0. 30- "or o 1 ool ¥ e G 1o Bp Bsb Bt 86 LA RA SR #RI PR S zome 1 s
| ar ger t hafactohbavingrtalugsious: rapgst freranabpon@0T dr abdue 0.520 Betpmhctheof zones
conpri si NgyeBinelif dsthor WP E&H Jo%ﬁt%am @rlé’lla @téugﬂn to V\%dntt%&ﬁ%’bgﬁ;treg xed- bed

reactors, Teacting gas pass t tabl e heat
transfer meaf iﬂ*rf"@rse%m%ﬁftzm@ﬁ CP'ﬁ@”S@thaéIEG@ﬂmeitqiiéstubes . renoves the heat of

reacti og. TubemnGnagBéLss o réh@fa@mcbfrdfng%nhameﬁnoﬁ the zGROWr caaygent i meters;
because gr,eat er, nsu area for heat removal 25

t
ond | ead 1 BieR R U e 1 Brere i) SoafHe ! T iseehs Tl dFeBROBhe ¢ ube
Typi cal t ubeuchlfiewgtdemry thegessczclion dbewbn® imexdck zene Ha@%klﬁtantlallge | ength may

be limte Bﬂm’ may gi ve
unaccept aq‘1 rm% ﬁtrhéagqsﬂﬁ%&r o §'h %W"?ﬁ‘% PW&%FE?S iﬂ'[')mﬁ? ﬂ %E"e “bed reactors, _
uni form f |R5W09h9fdh@wiltmﬁeamdme§0m@m fantoohavingtvaiuss tichrasgé figmapoitnum

per f or pRNaEy15UBI bt . fobOVKné@ pﬁb?é}ﬁlﬂt%é ﬁedn‘fgﬂﬂ:r fa@tﬂrt of &ch dafndisghherm c
reactors. If flowis sl hr ou sofre tubes, heat renoval 1s inpaired,

and | ocal ¥l 255, than ek%@"%‘%i’ﬁsI”é’é*éeaf‘bz%%c@ééiﬁ/@w{i%éi Z¥esof undesired
si de prodombssingeat gasttxbelamenf carbon, in those tubes. If flow through sonme

of the tubes i t the reduced residence tine |leads to
| ower conver si %nagtj@él S%Sg ‘93’3‘\‘]’3\%5‘5&‘?”9 dfb%%ngl/\b /'E)fﬁlgf’ S ERs/ 22550

react ant s PRlYshizye a tgigblengtiriapng rteg @ngl%lpeaidwomimatem' lesssthast abowe3i n t he tubes,
which ks meeder mréf@rgblir @H’ 8k VoRYrehdibts W&@% -HefR! #Xhé)EOJdPF iCadp! yst .

Procedures have devel oped to | oad cat a ets unifornly,

wi th mini fO W&%ﬁ@}%ﬂ“&%@f&%@f%whra@ia'aﬁer sggiia %Ff‘a’ﬂ gpwergtive pr e- wei ghed
bags of calismepstis dédma!ttoltﬂmqyo@ﬁmmhé)mnhamlﬁ aog@meﬁk%dt&eamﬁo@% sRegardl ess of

sy g PRIFSH 0 06, 100 DR RRE AR B Bl it 5
each downstream zone ts larger than the contiguous upstream zone for the
20  sequence of zones comprising at least three zones.

Generally in multi-tubular fixed-bed reactors, reacting gas pass through the
tubes, while a suitable heat transfer medium or coolant on the outside of the tubes
removes the heat of reaction. Tube diameter is commonly from about 3 to about 5
centimeters; because greater diameters might give insufficient area for heat removal

25 and lead to excessive hot spot temperatures in the center of the tube. Typical fube
iengths range up o about 20 meters, however tube length may be limited to about 15
meters or less; because longer tubes may give unacceptably high-pressure drop.

With all multi-tubular fixed bed reactors, uniform flow through the tubes is
important in achieving optimum performance. Uniform flow is especially important for

30  exothermic reactors. If flow is slower through some tubes, heat removal is impaired,
and local tenﬁperature spikes can lead to excessive production of undesired side
products, e.g. oxides of carbon, in those tubes. If flow through some of the tubes is
faster than average, the reduced residence time leads to lower conversions of
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whose pressure drop is statistically |ower or higher than the average
should be enptied and refilled. This invention al so conpsigfanpoMfs0Ccess
for oxidizing benzene or 1o hydrocarbons containing four carbon atonms such
as n-butane, butene-1, and butadiene to naleic anhydride using at |ast one
oxi dation reactor conprising a plurality of walled conduits according to
the invention. Maleic acid, cis-butendioic acid, and fumaric acid,

t rans- but el e¥0g14¢fci d are i nmportant exanpl es of unsateemsezz2ssdi car boxyl i c
acids, Preferably, maleic anhydride is produced by catal ytic oxidation of

| s _n- but areacartoindhasg tubes. t Few SdteBéRnENRTHE AsisRAMAH iRNubdsH AR TR CH2 CH3 +

3.5 02 => + 4 0 The in sjide reaction 1s the oxidation of

n- but ane t“gz&eégrg‘ﬁgﬁar%e% B‘Eﬁr‘e p?’éP—%’ %m@p&t &l%taﬁllsts??cwe_%h@emm 2 CO +5 H20

Wi | e the dexelpredod leadriheo cataipst peliale utiroig riimmisin Steakage Shewktas 1: 1,

obvi ously i ' on. cat al and ditions of reaction.
o Jsdnfy dplgm%ﬁ%%%? g’g!gge%hb%% ?ifa%& Btttﬁag :ﬂ?ﬁyc?.mp@é’t"ﬁ PYyst selection

Both reactions are wel
depends® sdfEvatheoHbash Regardtess of the Idagitp owsthothahe fiee througbreacatbeed of

benzene, _ahod Bk yaoegHTISASBITISBoRbcrS Bl AU HAD gt and  oxygen
f a catalys

is preferr, for best results, but for n-butane, conpri sing

mai nly of B5°HRESERDARE S \Fé?&‘ét&i&"l?)’n{c’wﬁrn&' bRy dian e qyespeshed bor best

resul ts. \Amphiecharfdeefifedf unsat urated hydrocarbon contai ni ng about four :

carbon atons, ;L t . Sin principally tungsten, phosphorus and

oxygen is |ikely %\%éiﬁgwagggg&b%'ssﬁ?t%. pr&%@?@r%’l %'%ﬁ?ﬂga?ﬁ“iz% ©he hydr ocar bon

in t he'lor &¥¥ARAEDGE riplisn T katbhe atarast algns bis irsbutamed baitehel1atand enper at ur es

in a rangeufabiend adHaleic3SMGdiae @gi}%ug 0 30..hu ef erably not over about
. gd t éé &re )Eﬁ]%tl&] F%Q{g .ca[gprﬁgé q)e

450C. The PXI"gatfi(}'%ﬂ (gf H utane t'o form malerc anhy Fi

acconpl i sREG By BTGRP Freprding de therinvegtipne oMeleiatacidt rishutemdicioxygen wi t h

t he descr iabddarddtmaricsiid, #arts-bufen@ibiciatiglaye ﬁ?&ﬂta%f BkchiMle¥ @%%ﬁé%&f ce of oxygen,
-16 25 Jaﬁfééﬁbb{xﬁ@%sv@m@%&%%ﬁeg P%Iy‘/ 502 f%{iﬂi’;ﬁg but synthetic m xtures of
oxygen and di | Uent gases. suth aac ATVIEGaPatvedpseriaia odwionged. Al r

enri ch®d RPMRN®R5egEIg iaipe Bieplssibamicaeguajimseous feed streamto the oxidation

reactors will normally m@_gidmzé%+3%g&b%£%098%tﬁé§eabom 1.7 nol e percent,

of the hyqlﬁoca.rb n such as benzene u , or butadi ene. About

0 . 112
0.8 to abolfMqinside reacl & Rxidation pfpsbutane to carbon oxides:
E cﬁf’éi éﬁz 3%-13 +5.50,#>2C0; +2CO +5 H,0

While the ratio of carbon monoxide to carbon dioxide is shown as 1:1, obviously the
20  ratio depends on catalyst and conditions of reaction. Both reactions are well known
to be highly exothermic.

Catalyst selection depends somewhat on the particular hydrocarbon feed. For
a feed qf benzene, a catalyst comprising chiefly of molybdenum, vanadium and
oxygen is preferred for best resuits, l_)ut for n-butane, a catalyst comprisiﬁg mainly of
25 phosphorus, vanadium, and cxygen, is preferred for best results. With a feed of
| unsaturated hydrocarbon containing about four carbon atoms, a catalyst comprising

- principally tungsten, phosphorus and oxygen is likely to show good results.
Generally contacting the hydrocarbon in the presence of oxygen with the
catalyst is conducted at temperatures in a range from about 360°C to about 530°C,
30 but preferably not over about 450°C. . The oxidation of n-butane to form maleic
anhydride may be accomplished by contacting n-butane in low concentration in

oxygen with the described catalyst. Air is entirely satisfactory as a source of oxygen,
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hydrocarbon is satisfactory for optinumyield of maleic anhydride for the
process of this invention. Although higher concentratiohsg gﬁ%npﬁw%nployed
expl osi ve hazards may be encountered. Lower concentratlons

hydr ocar bon feedstock, |ess than about one percent, of course, will reduce
the total yield obt ai ned at equi valent flow 1o rates and, thus, are not
normal |y enpl oyed for econom c reasons. The flow rate of the gaseous
stream t hr aipdinie reactor may be varied within rathegepdsidadshm ts, but

the preferred range of operations is at the rate of about 100 to about 4000

cc of fee ur and re pref era bl bout 1000 to
about 240 ut %ﬁl}eﬁ? n%urgsa&at!xﬁietn zﬁ'x% difld )?S?es SUCh s [)‘F“?gﬂ'_‘ m ai%(ci E?N rates make

t he but an@”@@%t&lmﬂ“p*mwngﬂ}gn Ullﬂ!ab,e)mm caI A catal yst should be

effect i ve al 1vikanvpdf sRBSIL ri200hch AOUE wiP Aoyl ocar bon 1 ced

per cc of catalys er hour. There are cata good prom se
but when &0Bj38etted2 tt% appid 1lffoi]"r°|ey99§$?§béf V’él'ﬂéf‘)t’vb%‘egﬁcﬁﬁt %Qﬂ'ze@bove show.very

poor yhel dﬁtagél'heutﬁiﬁ?bmt b@édléh@tembé\dd@sl tbSab%bLOWs ﬂq@i@opér&n{ibﬁl&ﬁ? 40, 80(230part5
per mlli eact or as st referre

amount of q]\%a? E/arbogdgg%nsfégtogg f ?p ofo[ch eﬂ%"ef 3'55‘3 °r|c}5‘? P“S“}%@Pf mllion by
wei ght of thig iveentior c Agoughekighey asncsitrations mdRdsi cipiuyed, tekpiesivedfazérbe gas stream
will nor ”%alﬁbebs’ﬁcétﬁﬁ-ﬁed tL'B@@‘ cﬁaht.oéf\&at oﬂyﬁmgﬁﬁﬂ{@rbo%?st%keleg @l y less than

about one second, and I clent operations are
obt ai ned. 24P OPF HACRNIt %fsmﬁrﬁ%i W"ééeidﬁf@n@@ tqt! vielsl obipined &4 lequivalanéfiovat st andar d

condi t iconsates anﬁﬁmumr@homfrﬁa‘! )ém@la Bfor Senomie sl I'BleXoRfratk gRCtOrs will be
found to tgnee %seguu wand m b@ t ube heat xchan er-type reactors are
quite sati SFECTory. airﬂé PUIRLE FRCY oRY '?ee‘é?é'? “hﬁ‘ﬁ‘ limits, b4t amet er from

about onetfguasfersd namﬂwoftoperaaimosutsattneeeteioﬁaﬂmemooambmhmobeagtfeedmy be varied
from aboutet i gath st‘i’:gpﬁﬁur %lrﬁinm?ré [pl:g?érgbl)f &i%h B?o PAAHQ P{ & a%t 'on 1S an

exotherm c reactl o 086 CoRt f the
reacti on 3¢ % F%MSUP%’S*‘%%OERVGY tﬂéwmemmkm@a bUtaDelosldeﬁ@mm@dsBsa to have the

surface obnécbeomnwa@t ﬁtﬁysﬁ&ho@ldrb%l éﬁebmla}' ﬂ&@?h'iésaéftab&ﬁrﬁ%%% W and some
medi um i s edeg hPS(gl_gcon heat Biv? the reactors, such as fead and t he

li ke, but? ?f"tfogﬁ?ﬁi REh&¢ Ofe‘i?tt P&t howp Thersarp satalysts Weitbl et el v
sati sfact einoyv @i provnise mmmmerbanwjeatem @ e diolrp frlaté JblBciySReighdea 17 25 January

2006 WO 034011449 VEG Ho cfh{ %:ftvﬁater arag §§§tl n| tr age eutectic

constant tenperatureée 'm x ure i onal ture control
is to use*®0tRepals pr gaillon Baweight Qf\ﬂ@r@wm’m@ matesm The preferred

- 20 amount of water added is about 5000 to about 35,000 parts per million by weight of

' the reactor feed gas stream. Residence times of the gas stream will normally be less
than about four seconds, more preferably less than about one second, and down to a

. rate where less efficient operations are obtained. The flow rates and residence times
are caiculated at standard conditions of 760 mm of mercury and at 0°C.

25 A variety of reactors will be found to be useful and multiple tube heat
exchanger-type reactors are quite satisfactory. The tubes of such reactors may vary
in diameter from about one-quarter inch o about three inches, and the length may be
varied from about three to about ten or more feet. The oxidation reaction is an
exothermic reaction and, therefore, relatively close control of the reaction

30 temperatures should be maintained. it is desirable to have the surface of the -
reactors at a refatively constant temperature and some medium is needed to conduct
heat from the reactors, such as lead and the like, but it has been found that eutectic

salt baths are completely satisfactory. One such salt bath is a sodium nitrate, sodium
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surroundi ng the tube act as a tenperature regulating body. As will be
recogni zed by one skilled in the art, the heat exchange i be
kept at the proper s tenperature by heat exchangers and ? U&Q]Hﬁbﬂ?%e
reactor or reaction tubes may be iron, stainless steel, carbon steel,
ni ckel, gl ass tubes such as Vycor, and the like. Both carbon steel and
ni ckel tubes have excellent long |ife under the conditions of the reaction
described kh@r@ibnaoNormally, the reactors contain a prehf@aabyzane containing
an inert material such as one-quarter inch A1203 (Al unduniTM pellets, inert

ceram ¢ 1Qyal &t pdtheloR] nipdd le§tectf3 oﬁﬁérﬁ%erﬁ'&%tﬁr@?mhhée A?xrfcﬁifﬁgﬁal at about

one-half to onetenththe vol une of e active cat aﬁ% present. The
t enper at urehod of dermpsrarerrapirahds 9a1se @dmetil Hogk reasias wherspy e eriQiS normal Iy the

reaction sbmundmbmeqowm heg te@ipel%tlﬁ‘@fégﬁléﬁgbﬂoﬁy VWAd ill Be fecbiR@by Cri ti cal
range. The fatét %}Il s, exot herni ¢ and once rt%actl onis underway,

the main pOF S’E@% efgiangeL regiimeMayBaikemt Aiste PreRShduct .. heat.
away freo thnhpzermt-lbs heét axbrmng@aemcbme lile dThe oedcton br feBgtioh aed maybe Bet t er

oper at i ON§RAT Lk Sngatég, 31/%1%}1%&9% K\gogastsqﬁb re cg] :ggqjgﬁre%@e(ha}ur e enployed is

no greater than about enper at ure.
The t enpefaihFREPop Sleetrnd niskal tubes haYﬁ emm@ngmuhdmmmmadfm@ some extent

upon the sdaggonodestiRd fh@l%ﬁht QIorrﬁa”llS‘ thé’ﬁya%ﬁréaﬁt@mfaeﬁg'f‘erapfdﬁe %%ﬁﬁﬁg ration.

The reactl on be conduct ed ric, siper-atnospheric or bel ow
at nospher ¢ HB 'ﬁ%‘ﬁ?aé SUGR A5 %’STQI” er t"ﬁ‘B ﬁ‘zg’&é/t“l-"%#\”q 9 REdgfRlnariegraic
super atonobpisenicks! bpltse o5 chis a théh thte fresene Al dbol EeHafQo Whd-lenthahait | east

slightly %‘9‘”%“599&”& pﬁal?srg‘p,leg%"é pressure .to ensure a positive flow from

t he reactor e pressure inert gases nust be sufficiently higher
to overcone t e fmenesatyre odpagson mewbayvaried withie sameoimits 25t Miineliytheanhydr i de may

be FeCOVGfe%ﬂhdﬁym%ulﬂw&b&hd&fed%)ésteh‘\ﬁér!atu@\ﬂrm b Qaihd U5iica) Rbd | ¢ ?FP'e In the art.

For exanpl e 4 1 he Leco oi g ‘i‘e di rect condensati on adsor ption
in sui t abPIRYeRC %'i" FISHRE A OWBé?a&f'?’b‘ﬁ “a‘i’ﬁﬂWﬁuFTEfm%@qrweéf the mal eic
anhydrisdethe Bale bbbl dr ottiengregiaranploasndtict hess ewaeirdr tHarami dﬂh@ ré‘autu er

under st angh ey hiFeccrtl NELE Bfhns W pdrhah el Gunderstood hat these

exanpl es are given R i've %P not be
i nt er pr et BgPgRtYre ﬁi"?'PYﬂji i hegreaterdhan ahout 1) tarbound)"C dHoisihi IMEb’ﬁth on incl udes

pr ocessestehératité dahé Wipfauge Wih@@@acid? Gl i 280 HYSIG §E 4l N9 at | east
one oxidation re %tor ri sing lurality January 2006
VIO 03/ Ollﬁ)ﬁ@t W& 3%%?f§%@6ctor and hy rocarbon feedstock concentration.
20 The reaction may be conducted at atmospheric, super-atmospheric or befow
atmospheric pressure. Typically, the reaction is eonducted at superatmespheric
pressure so that the exit pressure will be at least slightly higher than the ambient
pressure to ensure a positive flow from the reactor. The pressure of the inert gases
must be sufficiently higher to overcome the pressure drop through the reactor.
25 Maleic anhydride may be recovered by a number of ways well known to those
skilled in the art. For example, the recovery may be by direct condensation or by
. adsorption in suitable media, with specific oberation and purification of the maleic
anhydride.
The following examples will serve to provide a fuller understanding of the
30 invention, but it is to be understood that these examples are given for illustrative
- purposes only and should not be interpreted as limiting the invention in any way.
This invention includes processes for oxidation of o-xylene to phthalic
anhydride using at least one oxidation reactor comprising a plurality of walled
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conduits according to the invention. Preferably, phthalic anhydride is
produced by catalytic oxidation of o-xylene at from abozy jah@ky 20psabout
400C with a solid catalyst, such as a vanadiumtitani um oxygen catal yst
according to the sinple chemcal equation: 5 1,2-(CH3)2 C6H4 + 3 02 =>
C6H4=1,2-(CO 2 0 + 3 H20O The main side reaction is the conplete oxidation
of o-xylene. These oxidation reactions are well known to be highly

exot her m cwollgedonventi on al so conprises a process f@rrngdBahi on of
ethylene to et hyl ene oxi de using at |east one oxidation reactor conprising

a plurali tcgn ts g@m u‘?r% t%qg'e H\'l%énﬁon t g e?e?gb %)b{“glat %gicnﬁ? é{ﬁ&% !e&)@y _Pr ef er abl y,

et hyl ene OXI ene’with silver
support ed C@‘ﬁly@P gwﬂat@n ePf @awieh@ﬁt &Omr@ow 8306 dmbo%tl{@ﬁ?fhwﬁﬁ\ @x$alé according to

the sinpl g ﬁmsﬁéﬂ a@%@éda@tﬂm-h%n@h‘? ogdgn ca%st‘icc%rd%%@@ snﬂ'ﬂ@ mai n side

reaction is the conplete oxidation of "ethyl éne: 3 02 => 2 Q02
+2 H20 BoCheieal€8¥aiA% are wel I known to be highly exot herm c. Wile the -

condi tions for oxi da;zi.(oﬂs)pc[:spﬁtuI:;)dzedse.:st-lp:1§2‘,(myj heme 3exode incl ude
tenperatu £s not xcee ction,is usually

renoved by BGT # 8 r\?ﬁ %oﬁ" t??@pge?ﬁ 8{"%33'°8f°?t°n’8%{‘%be £S5 x?aé‘ﬂf)er atures of
reaction eeectmd|arﬁgnl@i0<na\br®mtbeBl@ﬁiﬁlexdtt!hmmlm qui d cool ant boiling on the outside

of the tubes i1isnBkEOA4 & nses?spr dest R Ridatiod o ¥tﬂﬂ@r§e bR L Ne reactor

shel | and |s externally condense hus generati ng stea quU|d cool ant
i s return@gde gsipgat 'Ieé‘ﬁéjtnﬁlo"'gﬁkﬁﬂ [reacksy éP'@P%Pngya Blyra!'tglobwlegﬁ copditavoi d rel i ance

on a punpatddadingc auUbg hadntion. TiFeererablp, @iyt ag@ &f pﬂd&lc@@ cat@fiknery fraction

boiling in.the k sene range i s that the essur.e shel | side of 25
the react 8’1"54}'3” °§§§“V§ E‘bg\ﬁr Sppaed g g[%&?fﬁ?{t% Wgh /8% t he cool ant
is fl amibfnm.udexeietascqnwngammealmme crimwicraeequam tubes is maintained at the
desired |l evel by automatiGai )cl_fiqb_l?s_t) e pressure of the boiling

cool ant on the outside of the ur u ent m xi ng of the coolant is
required t69'F?P'ﬁlshiiei%acl"%?weW@P*F@t"?"ﬁ#@“l"ﬁeﬂ‘ﬁ@"%o reactor tenperature and to

provi dg a hi gh heat-transteg CBpEBfJZELQI‘dQ +Hpuever, the tenperature is not
uni form alB th? thensl eng’ pmo f?g’e“r%f i l\}eacr the top of the tubes, the
t enper at u Py FAsHRnS A e Knowp Y QWBEC. then drops again to a nearly
uni form t enpévtiieuthe cfondttnmriaefoi axsitiaten - Goetpgercefut etbflentchesitailirelddengt h. - 19
temperatures not exceeding about 250°C the heat of reaction is usually removed by
boiling water on the outside of the tubes. At temperaiures of reaction exceeding
20 about 250°C, the liquid coolant boiling on the outside of the tubes is a hydrocarbon.
As it forms, the vapor leaves the reactor shell and is externally condensed
(thus generating steam). Liquid coolant is returned to the reactor shell, preferably by
gravity, to avoid reliance on a pump that could fail. The main advantage of using a
refinery fraction boiling in the kerosene range is that the pressure on the shell side of
25 the reactor is less than about 3 bar. The disadvantage is that the coolant is
flammable.
The te'mperature in the reactor tubes is maintained at the desired level by
automatically adjusting the pressure of the boiling coolant on the outside of the
tubes. Turbulent mixing of the coolant is required to minimize radial_variations in the
30 reactor temperature and to provide a high heat-transfer coefficient. However, the
' temberature is not uniform along the length of the tubes: Near the top of the tubes,
the temperature rises rapidly (the *hot spot”), then drops again to a nearly uniform
temperature for the last 80-65 percent of the tube length.
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25 January 2006 WO 03/011449 1' CT/ US02/ 22550 Avoiding a tenperature that is

too high at the hot spot is inportant; high tenperature§5g§m§§%bgmpr
selectivity to ethylene oxi de because nore of the ethylene 1is burned to

carbon di oxi de and water. Moreover, the exotherm c heat of reaction is
much hi gher for carbon dioxide formation, and can exceed the | ocal heat
renoval s capacity of the coolant (a "runaway reaction"). This accelerating
reacti on mwdoshesssavoi ded. Reactor pressure can rangepdwexgyabaut 1 to about
30 bar, but is typically about 15 to about 25 bar. The pressure is chosen

with regard to f et han I, n apd ot her - C|cal

consi de?atl ong® aii” %PWF@&%&%& 'E‘pﬁ’g:h'&n%h%é&?gs % Bﬂpoﬁﬁ I Félgh equi pment to
handl e a gemmttpesachmse logmar sedetciivity Moetissiame, oxidh bedausarmatel o theiethiyiene envel ope
expands Sqmpmtto %% bgH @15‘)9(59 %Hde\ﬁa?&r %reob%}e{hgl&otﬁzﬁﬁillé%eggof %lcgﬂs options for

sel ecting an opera hat i's sufficient renove romthe unsafe
operating mucb@gber fOfI'95}:§bea¢'lP>9d€t feemalian- angaap ﬁx%ﬁﬁédﬁe pezidert gmp@li n a range of

about  250QatRitABOME codkant (2 98ndWay reactiéA®S Wﬁ&c)éleﬁﬁ%%a&@n(?ﬁdst ¥e (GHSV) is the

vol une of gas (neasured at standard conditions) that passes through each
vol unme of a&%ﬁ%”l yst bed per hour. This invention also conprises a process
for preparati deacbr pessurd carfieinde frym absitdatd atsoud 30 tian @ngpicesly ng at | east

one, Ox datgp £SAGHIR 28D 5] AGechreL WA Wi leord'B! i), BRI L accor ding

to the inv cata Ic va oxidation of
propyl ene enwpmaﬁrarﬂoptlaﬁjtprachcaﬂ ws@p@m Higher Pfeéwf%ﬁa!l?ﬁfﬂiﬁ thefusgradpyl ene to

acrol eyn %M!le’ﬂ‘éﬁu&ibm&ltQ&hﬂwdleaé‘gwé}?(ﬂ)rgﬁkhma%f rwe%reth@ fla@mans wnltc acid. In
the first sta catal ytic Oxjdation, grog ene i s reacted according to

the sinpl®8Y érﬁxE%ﬂdséa‘I‘j *aﬁsﬁw@hwsame VOBAUCna9asi9EePient + H20 25 and
30 ZmZm%aawgaHWM%Ht&bﬂﬁsufﬂ'cf@tljméamvaiﬂfmt‘reamtsdf@byﬁermh@ oxi dati on of
propyl ene to carbon oxides:. 2 CH2 CH CH3+7.502=> 3 C0+3 C02+6 H2O and
formation "8 acetic acid: CH2 CH CH3 + 2.5 02 => CH3 COOH + C02 + H20 The
mai N react i on Tiypicalldhesgasorgrin gpatatvelosity iniorafaspe ot 2poat 25A0ite abyitd, is shown

bel oW 15 7000 hr . Gas hourly space velocity (GHSV} is the volume of gas (measured at
standard conditions) that passes through each volume of catalyst bed per hour.
This invention also comprises a process for preparation of ‘guiyiic acid by
~oxidation of propylene using at ieast one oxidation reactor comprising a plurality of
walled conduits according to the invention. Typically, the catalytic vapor phase
20 oxidation of propylene is carried out in two stages, i.e., oxidafion of propylene to
acrolein and acrylic acid, and oxidation of acrolein to acryiic acid.
In the first stage of catalytic oxidation, propylene is reacted according to the
simple chemical equipments:

CH,; CH CH4 + Oy => CHy; CH COH + H,O
25 and

2 CH;CH CH3 + 30, => 2 CH; CH COOH + 2 H,0

The main side reactions are oxidation of propylene to carbon oxides:
2CH2CHCH3+7.50,=>3C0O+3C0; +6H,0

and formation of acetic acid:

30 CH; CH CH; + 2.5 O, => CH3 COOH + CO, + H0

The main reaction in the second oxidation, acrolein to acrylic acid, is shown below:
2CH,CHCOH +5.50,=>3C0O + 3 CO, +4 H,0

These oxidation reactions are well known to be highly exothermic.
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2CH2CHOOH+5. 502=>3C0O+3C02+4H20 These oxi dati on reactions are well knovvn to
be highly exothermc. -20 25 January 2006 WO 03/011449 P& é}ﬁ%@;

Generally, processes of the invention are divided into an oxi ddatrion sectl on
and a purification section. In the oxidation section, propylene is
catalytically oxidized with air to acrolein (mainly) in the first stage,
and to acrylic acid by further air oxidation of the internediate m xture
in the secqnfpiiage. One or both oxidation reactions ?é'[ﬁjs@?%ﬁ“ ed out in
at | east one fixed bed oxidation reactor corrprisi ng a plurality of walled
condui ts accordi ngwto t he invention. urification section, the

gaseous react GENEr f?rﬂ%erﬁﬁeﬁcgtr@d‘&eét&’“@fﬁ %Y'?Eé’d‘ﬁ)m 8B RSN GREW Wt er, and
acrylic aaipdnficaloab&ﬂzbbed\ they otidation veatiel profenedgttaytisalyoxidizedwitici d sol uti on

azeot r opi ¢a gebn {rﬂalnjllyﬁ%v\ﬁ% igt st];:x r E&%%\&ﬁ‘ ac:ldr%t HXAer i BQ{:‘M& 1ket one, which

forns an azeo I an hus renoves romthe
pr oduct stheeramn%eheﬁwm&athltbe seched. @tﬁgpdeOIm:@rybqtl'comﬁtlgn regchisus igféied. in-a. ..

cont i NYOU Sarkin bl RSB LEED b d’xﬁ%\ﬁ%&fcﬂ)‘?c&mﬂmngaa%rg! Wayds. Accor ding

to one enbod nent i nvention propyl éne (95 percent by weight
propyl ene C‘Hﬁé!“?%‘?é?‘&%?ﬂthﬁwv\wlo@ht‘” e spisation 5§?tt9f’e’t5le GARROES [PEsure, is

vi'ipor lt ng%n&ht R d@@\dd\&ytd?eﬁ%ﬁté&?ﬁﬁga\édmtarﬁl -Jcryné\dmaraé ammga :by thest eamt ﬁt e
el evate ssure u sia | ilu in the fee
for bettet® t'e o?q”e%sp?céﬁ'c S?W@’”f %iml’ﬂc? #J%‘ﬁ%;eﬁ%%r ?xgh%?at ed before it
ent ers onewty! !mbrﬂel Keitoret whiglt a:ges embz&atwpsnmmemwcand tMuseemoNsedhear e packed

Wi th %SO(Lyht‘ér farh ‘?r%t br%hc?@fr@énil Shfnefﬂaény, ﬁé%mle%cﬁm dRbiy RASIRHEE RizSmut h-tungst en

ni xed oxide cataly [ten sa de acts as a cool ant,
which is G@'@@PW%“"@E‘W&W%S%&[ﬁ’m"b‘?@%%h%“dsﬂeé&fﬁﬂdﬁ salt 20 bath cool ers.

Typically, thﬁcd&l‘cﬁi@StUroﬂe dme@m:a@rrt@smetdoaatnb@ﬁqmcp;smwd@@sqgs serbe@Blsy t han about
20 psi. pref r—irab Ies% éhan %& r\ﬁf (g 5 from each of the

first-stadgdh FOEW 6&?{08 %1?"8'9 BRARY 1 O deT oETS Eofpr essed hot
air and rreailoumi apd eysadneithstopmmssahiet mrxt!\dvafxtageowyehieamfadeiemtedhe reaction

tenper gt upe.Hef 96 'F‘Q out g@é EEE id U%dsé%.c%gﬁleﬁtt @Q%@é&#jer A {ﬁ@ F%Et‘c‘nt ors, where

t he acroleln 'S I ze acl e second st age
oxi dat i onOPEHEE- or'”é|e dees e @ﬁél Pﬁéﬁﬁﬂatﬁ%ﬁﬁoﬁeﬂs?@ﬁrs QS‘GrﬁBrm%‘? gt a plurality

of ' wal | edge exieilbr Sead®e OITEE Mghet Qrd kécwmﬂblseim oMd b @atalyst for
nol ybdenum va m xed..oxi

the shel | © %a‘?h‘g YREHBR! %Wtréﬁ'f]?&t“a'%’)d/ ?f"cp éaiﬁg &PEE Hr?ﬁl‘etp(ragszﬁlrfa Is'?eam
i n salt balteh side acts as a coolant, which is used to generate medium pressure steam in salt
20 bath coolers. Typically, the pressure drop across the reactor tubes is less than about
20 psi. preferably less than about 10 psi. Effluents from each of the first-stage
oxidation reactors are mixed with additional compressed hot air and medium
pressure steam. The mixture is preheated to the reaction temperature before it
enters the second-stage oxidation reactors, where the acrolein is Bxidized to acryfic
25  acid.
Preferably, the second-stage oxidation reactors are also shell-and-tube design
comprising a plurality of walled conduits according to the invention, with a
molybdenum-vanadium mixed oxide catalyst in the tubes and molten salt in the shell.
Again the molten salt is used to generate medium pressure steam in salt bath
30 coolers. Typically, the pressure drop across the reactor tubes is less than about 20
psi. preferably less than about 10 psi.
The gaseous product streams from each of the second-stage oxidation
reactors are fed to a quench absorber near the bottom of the absorber. Water is
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30 coolers. Typically, the pressure drop across the reactor tubes is |ess

t han about 20 -psi. preferably | ess than about 10 psi. TQngﬁp gor oduct
streans from each of the second-stage oxidation reactors are to a
guench absorber near the bottom of the absorber. Water is -21 25 January
2006 WO 03/011449 PCT/ US02/ 22550 used to quench the product m xture and
absorb the acrylic acid, unreacted acrolein, acetic acid, and other

nonvol ati | eydysnRis@duct s. Gases such as CO CO2, 02. NReymssdHBa propane, and
unreacted propyl ene exit the top of the absorber. The gaseous acrylic acid
solution | eaving the bottom of the quench absorber cool ed and
partially Lfsé‘?:%q%éﬂcht%e Produgt gixige agchg:se@ OACTES afl euqr?ﬁ[ﬁ%&mﬁﬁ@or bent. A

pol yner i zaickiznadid) Rhd biher nonsoisthe Beproyudtso qbasessech assCaddez 0 N2he system
through thy product, which
typically g %ﬁ%g&%@dﬁpég%&e%@yi%%?ﬂghet Sfﬂgg&w%cr ylic acid enters the
purification sketdesaoushcrylisacidiseluiivsdeasisg fhgd;gttonu o toiheueaghedspépiic distillation

col um. 5 1Q,0hy %H@b&ﬁélly%&ﬂ%@@% 1o da bi t%e'c&ﬁﬁﬁta‘s%b liglfd ket gcesses for the
oxyacetyl ation \é ene uce viny ate nononer using at |east

one  OXi dd%DIYB‘ﬁ”%’aB%'PB‘ ‘tQEoWﬁ'P‘ ,ag |hYF§°C&'"‘|9F%‘5a?qu9 t‘thev%(FtP'@dhrEHﬂ’i‘dﬁﬁ ts according
to the ln\/r@@t:ne@absordamesfn@amblme at{ueﬁb@ pr@@.ﬁt aihi%h gprRaiEdoniafms REAyced by

catal ytic ogﬁg et l‘ﬁ [.on é‘i{e tﬁ ?. & IT% rat flesmof frlgrr& about 150C to
about = 200CFPPHY X8 ?&C'géﬁa&fc{f BB a§ BB PR CSPPOrTY i npr egnat ed
wi t h pal | delthermgeayobid diatiidtignaiolig®i um acet at e catal yst according to the

Si TPl o gher cah SQUT oot Ch TnanGhO AL st 20 COTCH + 2 12O

The main side reaction IS | et e oxi reactants. These
oxi dat i on OXyasg¥R{ianef ehdengelol PfR‘H@@erW'oa%@t%F"@H‘Pfyere%tgh@r'ﬁﬁ% oN®Q | n yet

anot mer e r&?@ﬁtﬁdﬁﬁéﬁcmr b&s\hﬁnsln@ \éﬁi]l.irhlﬁy’bf'w&ﬁéd&ﬁ&ﬂ@ ra@@aecﬁ@ge@ Heihvehitg.
oXxyc or I

1 5t el S ekt S bieronoer Parhies v o iy oIty S et i sing a

pl ural ity abfenpatatieet of droohabbst ﬁﬁﬁbﬁochbmg 2009C withen solig eatblyshreuctPased er abl vy,

et hyl e I € t o} t of ethyl ene

in thqua@ligﬁég@o&t n?%ggétgcgout dpzag%d&%l &JI %h‘? p%%%%mn Jéﬁg% Eag{ws(t:l 25 catal yst,
or exanp wi thout other active ingredients,

f I aécor@eﬁﬁ%hetﬁ'mei? FResnicyl eqiatipn: h h di

i npregnated on a p.O_T(GIHz‘.’)Z sygﬂg}(zboﬂwmz B CHUTDOEH +2l1Rni na-silica, or

2113;,? Irrgcr:]eorlﬁs maema rsnde regctlon Is %e c}émple%é oxm%tfo F Peragtlarr?tg. tﬁegeh%x,gaﬁgP le chem cal

reactions are well known to be highly exothermic.

20 in yet another embodiment, this invention includes processes for the
oxychlorination of eihylene to produce ethylene dichloride {1,2-dichloroethane) using
at least one oxidation reactor comprising a plurality of walled conduits according to
the invention. Preferably, ethylene dichloride is produced by catalytic oxychlorination
of ethylene in the gas phase at from about 200°C to about 250°C with a solid

25 catalyst, for example, cupic chloride with or without other active ingredients,
impregnated on a porous support such as alumina, alumina-silica, or diatomaceous
earth, preferably alumina, according to the simple chemical equation:

' 2 (CHy); + 4 HCI + O, => 2 CH,CI-CH:Cl + 2 H,0
Among the additives, alkaline metal chiorides are most useful preferably chlorides of
30 potassium, lithium or sodium (KCI, LiCl, or NaCl). The main side reaction is the
. complete oxidation of reactants. These oxidation reactions are well known to be

highly exothermic.
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2 (CH2)2+ 4 HCl + 02=> 2 CH2Cl-CH2Cl + 2 H20 Anpng the additives, alkaline

nmetal chlorides are nost useful preferably chlorides of jsum
lithiumor sodium (KC, LiCl, or NaCl). The nmin side re%%??@%@gﬂshe

conpl ete oxidation of reactants. These oxidation reactions are well known
to be highly exothermc. -22 25 January 2006 WO 03/011449 PCTI US02/ 22550
In view of the features and advantages of the nethod and apparatus for

exot her m c whemieal conversions of organi c conmpounds gdanépddg,added
products in accordance with this invention as conpared to other flow
reactors previgusl roposed and/or enpl oyed for control of, the exotherm
in vapor - phase%p\”%"gé?gg@sgatgreﬁsﬁnﬁgadé{a?t?%%gc?%nﬁ @F@@%ﬁ@%@gp&@ﬁ’%mst , the

fol |l owi ng exctoephieshemicl ginvasionEXARRIDESomphiends dstalyeraoidedtpnodcsd inat ed each
reactor tu i g - ‘ r - conver si ons
in the rrakl&ﬁgﬁgwerr‘gtﬁ%g gﬂ’ﬁ{}@?l édg(;%%@b%% Yatoﬁ?c%ﬁtﬂg? %L&%gtr}g%pé&%n t he

exanpl e, tHePased Fad/orcespRieyed iferneontrol<af | the: pxolfiefryp in vapegtphape direressgpe defined 1o
as fol | ewsusidyl fxed RetdrbdemBusaRFETRE folGRRY 8lHipRE ale@verr X 100 Ml es n-but ane
in feed 15 Mol es naleic anhydridE @%ﬂéged gel ectivity (%9 = X 100 Ml es
n- but ane consuned Yield (W. % —XF rsion (9] X [Selectivity (9] X
169 20 The f ol Tmwengprdgramnskluatet cash esplooyube @niutatibn ¢ ahe highw r eact or

cont ai ni n i X i ._vapor - phase

o dat | on- e pimh themldSl GhRAGE e By e i b SR PiC "2 25- 1 ncn
react or tuBEERhitHe REaMAlenie ieerb icenvarsiseatselectivityisdndr vielddére defredpr i si ng of
nol t en 4gal 4s.foliblde react or tube was equi pped with a 1/8-inch axial

t hermowel I whi ch al | owed detergjo&%ti on of the tenperature profile of 25 the
cat al yst bed al ongﬁ%g@gg%ﬁ_c 4 &W&P%POWSHFN%%CQ“%xaan e a suitable anount
of fresh comerci ST e —a——

vanadi um phosphor us- mol ybdenum W%Eﬁmaﬁ%Tgﬁ’eﬁst , was charged to the reactor

tube. Conparative Exanple A
15 Moles maleic anhydride produced
Selectivity (%) = X100
Moles n-butane consumed

Yield (Wt. %) = [Conversion (%)] X [Selectivity (%)] X 169
20 The following demonstrations employed a pilot-scaie flow reactor containing a fixed
heterogeneous catalyst for continuous vapor-phase oxidation of n-butane with air,
The pilot-scale system included a 48-inch reactor tube which was immersed in a heat
transfer medium comprising of moiten salt. The reactor tube was equipped with a
1/8-inch axial thermowell which allowed determination of the temperature profile of
25 the catalyst bed along the axial co-ordinate. in each example a suitable amount of
fresh commercial catalyst, ie., a vanadium-phosphorus-malybdenum-oxygen
catalyst, was charged to the reactof tube.
Comparative Example A
In this example the test program described above was used to e\)a!uate a
30 cylindrical reference reactor having a uniform cross-section of 5.07 cm? as measured
in a plane perpendicular to the centerline and a catalyst zone volume of about 618
cm®. Concentration of butane in the feed was 1.5 mole percent.” At 2000 VHSV in -
the catalyst zone and a molten salt temperature of 419°C, the maleic anhydride yield
was 65 percent by weight after the catalyst was fully activated. The temperature
35 profile of the catalyst bed along the axial co-ordinate exhibited a maximum of 471°C.
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In this exanple the test program descri bed above was used to evaluate a 30
cylindrical reference reactor having a uniform cross-sectpQangdry 2065/ cnR as
nmeasured in a plane perpendicular to the centerline and a catal yst zone
vol ume of about 618 cnB. Concentration of butane in the feed was 1.5 nole
percent. At 2000 VHSV in the catalyst zone and a nolten salt tenperature
of 419C, the nmaleic anhydride yield was 65 percent by weight after the
catal yst wa @l activated. The tenperature 35 profpdmsefaishe catal yst
bed al ong the axial co-ordinate exhibited a maxi num of 471C. -23 25 January
2006 WO 03/011449 PCT/ US02/ 22550 Exa Iqe 1 In this exanple the test program
descri bed above was used to denon Wﬂﬁée a reactor having a volune for

cat al yst of abipthis 6@8iplertBe tskpregromtdestribescabovit wap ysedtihdernomsaie Bon i nto f our

conti guou i | g& P | ghaTabl fond & yst Tube Tube
Fraction zr?&%éerrﬁégﬁ# So%‘“%?ﬁ%@on@t ‘)rﬂlﬁgi ZoneLefﬁStrh%J?é.%béﬁs%x]{lgﬁé ﬁ%ngt hCat al yst
Vol uneFactigfentionige foyncenfighogs giindrisalgonesep sopvpgr Iabe 1112 in. 0. 87 - -
in.0.250019.079.23 1ol1112 in.0.98abr.10. 250024. 2910. 42 1V10 in.1.33

in.0.208337.3616.99 Concentration of butane in, t feed was . 1.5 nol e
per cent . A(tyat%’()%o V&%Q? in th@gecat gramn%n'ger Hogﬁrtﬁﬁl tgﬁo@“}l'ct t enper at ur e

of 395C, tBen ilengihhydr i 8. yi ebdal th Qatgest ¥elntnebyFamei gtt? after the
catal yst wag fully,agtivatgd, ,The t rature file of t he catal yst
bed exhi bited a maxi num of§'44%"c. xanpl e 2 lg]s?.%ﬁﬁi S exarr{)'%g t he test

program deséri bed 3hBve wad8lled t #2889 nunstra-& a reactd¥ having a vol une
for caggl ysh of abeui, 620 goBindi st rpideysed accoygd ng to t4p@e invention into
four conti gppus cyl16 P}dr [ CaJl.SIBZ%I:]eS %.5203?0\/\“ [ n37-|._:?6b| e ll. 16.99
Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
catalyst zone and a molten sait temperature of 395°C, the maleic anhydride yield was
91 percent by weight after the catalyst was fully activated. The temperature profile of
15 the catalyst bed exhibited a maximum of 446°C.
‘ Example 2
In this example the test program described above was used to demuonstrate a
“reactor having a volume for catalyst of about 620 cm® distributed according to the

invention into four contiguous cylindrical zones as shown in Table |1,

.20 - Table Il
Catalyst Tube Tube Fraction of Percentof Total Geometric
Zone Length . D. Axial Length Catalyst Volume _ Factor x 10°
! 14in. 0.81 in. 0.2917 10.28 7.37
-25 . K 14 in. 0.87 in. 0.2917 22.01 7.91
il 14 in. 1.12n. 0.2917 36.74 10.22
iv 6in. 1.33in. 0.1250 2218 28.31

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 389°C, the maleic anhydride yield was

30 90 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of .425°C. '
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20 25 Catal yst Tube Tube Table Il Percent of Total Geonetric ZonelLengthl.

_ D.Fraction of Catalyst VoluneFactor x 102 Axial Length 155%}“%");321006
in.0.291719.287.37 1114 in.0.87 in.0.291722.017.91 11114 in.1.12
in.0.291736.7410.22 1V6 in.1.33 in.0.125022.1828. 31 Concentrati on of butane
in the feed was 1.5 nole percent. At 2000 VHSV in the catalyst zone and a
nolten salt tenperature of 389C, the mal eic anhydride yield was 30 90
percent bywgakghilseafter the catal yst was fully acti vap@gsoiget enperature
profile of the catalyst bed exhibited a maxi num of 426C. -24 25 January
2006 WO 03/011449 PCT/ US02122550 Exanpl.e 3 In this exanple the test program
descri bed above was used to deno ’P‘g‘? a reactor having a volune for

cat al yst of alotis &atiplenil: it ptagradmutdeadritzd absveiwag ubel tbliemonstraierat i on i nto four

cont | guous. . Vg SRR eR AR SR TR B | Catalyst Tube

Lengt hCat dnvgstion\rie lenegatigusks gylindizal zones as shown in Table Hll. .

5 Table Il
Catalyst Tube Tube Fractionof Percentof Total Geometric
Zone Length L.D. Axial Length _Catalyst Volume  Factor x 10°
} 12 in. 0.74 i 0.2500 14.64 7.91
10 i 12in. 0.87 in. 0.2500 18.98 9.23
il 13in. © t.12in. 0.2708 26.19 9.62
v 11in. 1.33in. 0.2292 40.19 15.44

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the

catalyst zone and a molten sait temperature of 384°C, The maleic anhydride yield
15 was 89 percent by weight after the catalyst was fully activated. The temperature

profile of the catalyst bed exhibited a maximum of 455°C.

Example 4
In this example the test program described above was used to demonstrate a

reactor having a volume for catalyst of about 620 cm? distributed according to the

20 invention into four contiguous cyiindrical zones as shown in Table IV.

. Table IV
Catalyst Tube Tubé Fraction of Perbent of Total Geometric
Zone  Length D, Axial Length _Catalyst Volume _ Factor x 10°
1 14 in. 0.81in 0.2917 19.08 7.37
25 i 14 in. 0.87 in. 0.2017 22.01 7.91
m 14 in. 112 in. 02016 36.74 10.22
\Y 14 in. 1.33 in. 0.1250 22.18 28.31

Concentration of butane in the feed was 2.0 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 383°C, the maleic anhydride yield was

30 81 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 446°C.
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112 in.0.74 in0.250014.647.91 - 101112 in.0.87 in.0.250018.989.23 |11 13
in.1.12 in.0.270826.199. 62 1V11 in.1. 33 in.0.229240. 1915244304200 at i on
of butane in the feed was 1.5 nole percent. At 2000 VHSV in the catalyst
zone and a nolten salt tenperature of 384C, The mal eic anhydride yield 15
was 89 percent by weight after the catalyst was fully activated. The
tenperature profile of the catalyst bed exhibited a maxi mum of 455C.
Exanpl e 4 o éshi@esexanpl e the test program descri bed pdgygynes used to
denonstrate a reactor having a volume for catalyst of about 620 cn8

di stributed according to the 20 i[ng%@tion into four contiguous cylindrical
zones as shown in Table IV. Tabl &> cat al yst Tube Tube Fraction of
Percent of Tot lthiGexmeterthe teZpnegiran dédetibedBbdével vads ukernigtobGatsartbigst Vol umeFact or

x 102 114 | 4Bk Ll 130 0 i : 2.017.91III_14
in. 1.12 i nﬂegctgrgi%ég%gg%ﬁ%égw%%ioﬁémfBégcnf @lsgm%%gagcfpdi@% 31 Concentration
of but ane MYENHeENIPARE conligiioup cfndrispizopesr asshewn inTale¥0 VHSV in the catal-yst
zone angl a nolten sal':1 te][rperatlﬁreragﬁe\q’mistc, thef mlal eic ?nhggrehde_r%leel d was
30 81 percent, by i ght after the catalyst _was fully activated.
terrpergtur(gaqﬂ¥58fi\ll\§]lug? theﬁ@‘at al ySUPE eREFHI! PP nBRPMANG of 446C. - 25
25 Januar y 22606 WOL.&8Mh011449 DPCT/ AG) Rérd@b 50atEiyavplugieb Factor x 10°

| 6in. 0.88 in. 0.1250 12.07 20.83

10 1l 15 in. 0.87 in. 0.3125 2367 7.39
n 111n. 0.98 in. 0.2292 22.11 11.37
1Y% 18 in. 1.12 in. 0.3333 4215 8.94

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 384°C, the maleic anhydride yield was
15 79 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 471°C.
The following demonstrations employed a mock-up of commercial fiow reactor
containing’ a fixed heterogeneous catalyst for continuous vapor-phase oxidation of n-
butane with air. The mock-up system included a 4.6-meter reactor tube which was
20 immersed in a heat transfer medium comprising of molten salt. The reactor tube was
equipped with an axial thermowell which allowed determination of the temperature
profile of the catalyst bed along the axial co-ordinate. In each example a suitable
amount of fresh commerciai catalyst. i.¢.. a vanadium-phosphorus oxygen catalyst,
was charged to the reactor tube.
25 Comparative Example B
In this example the test program described above was used to evaluate a
cylindrical reference reactor having a uniform cross-section in a plane perpendicular
to the centerling and a catalyst zone of about 2,012 cm®. Concentration of butane in
the feed was 1.7 mole percent. At 2000 VHSV in the catalyst zone and a molien salt
30 temperature of 413°C, the maleic anhydride yield was 77 percént by weight after the.-
catalyst was fully activated. The temperature profile of the catalyst bed along the
axial co-ordinate exhibited a maximum of 491°C.
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In this exanple the test program descri bed above was used to denonstrate a
5 10 reactor having a volune for catalyst of about 617cnf; ghreiary Mgsed
according to the invention into four contiguous cylindrical zones as shown
in Table V. Table V Catal yst Tube Tube Fraction of Percent of Total
Geonetric ZoneLengt hl D. Axi al LengthCatal yst Vol uneFactor x 102 16 in.0.98
in.0.125012.0720.83 1115 in.0.87 in.0.312523.677.39 11111 in.0.98
in.0.22922%0l344h4487 1V16 in.1.12 in.0.333342. 158. 94 GehaRMAaALI on of butane
in the feed was 1.5 nole percent. At 2000 VHSV in the catalyst zone and a
nolten salt tenperature of 384C, )Eat‘]rﬁter%al ei ¢ anhydride yield was 15 79
percent by weight after the cat aFys was fully activated. The tenperature
profile of t lirthisaxamyiethe best prostairoieseribed abevg wWas Hsesfio 4emaistaige f ol | owi ng

denonst r atd,eRs naHR @v&ﬂn@fone&my%f Qholf @ITTBHE bR [théoOg]\ecaﬁﬁﬁtt@rme containing' a
fi xed heterogeneous catal yst for continuous Vg‘gglegp ase oxidation of n-

but ane wi feHipp '“toﬁﬁgc%'ékoqﬁﬁylg’?%‘taé?ﬂ”ﬁﬁﬂ"ﬂ\éi'ﬁl'“ met er reactor tube which
was 20s nmersed in a heat transfefrabléwdl um conprising of nmolten salt. The

react or t%thlyéfvas ?L?]JH' ppedTMHet h apra@t?é*; fé’em\’\ﬁn‘ﬁl V\’%e%metg\é | oved

determ natlon t he terrperature pro the cat al yst d along the
axi al co- & oL L& arrp iR Volggnt Cegorkd%sh comer ci al
catalyst, ile., a 'mmadl umfphrosphoﬁweoxygen 16asal yst, 2®a8s charged to the

reactor tubg. 25 Cgyparatigwg rExarrpbgogB I'n thigeexanpl e tzfﬁe test program
descri laed alt?ove was, .used to eval uaé[g cyli ragrl cal ref nce reactor
havinga uniformc %s- sect? %;I“ane per dfdi cul ar o the centerline
and a cat allyst zoninf abdtﬁfv"@ 0120(1:329 Concedff ati on of4Butane in the

feed was Cortehi®dtion PEHRERtIR 1Y 1280 Was MHSMole IpetcBR. GRIBLY $HSKARgeand a nol ten
salt catalyst zone and a molten salt temperature of 396°C, the maleic anhydride yield was
96 percent by weight after the catalyst was fully activated. The temperature profile of

15 the catalyst bed exhibited a maximum of 429°C.
For the purposes of the present invention, “predominantly” is defined as more
than about fifty percent. “Substantially" is defined as occurring with sufficient
. frequency or being present in such proportions as to measurably affect macroscopic
‘properties of an associated compound or system. Where the frequency or
20  proportions for such impact is not clear, substantially is to be regarded as about ten
percent or more. “"Essentially” is defined as absolutely except that small variations
which have no more than a negligible effect on macroscopic properties and final

outcome are permitted, typicaily up to about bne percent.
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30 tenperature of 413C, the mal eic anhydride yield was 77 percent by wei ght
after the. catalyst was fully activated. The tenperaturgs pifbhl ®oef the
catal yst bed along the axial co-ordinate exhibited a maxi num of 491C. -26
25 January 2006 WO 03/011449 PCT/ US02/ 22550 Exanple 6 In this exanple the
test program descri bed above was used to denonstrate a reactor having a
vol unme for catalyst of about 617 cnB distributed according to the invention
into four contiguous cylindrical zones as shown in Table V. 5 Table VI 10
Cat al yst Tube Tube Fraction of Percent of Total CGeonetric

ZonelLengt hl . D @S‘\l Lengt hCat al yst Vol uneFactor x 102 145 in.0. 81
in.0.248615. 752. 069 1156 in.0.87 in.0.309422.022.27 11156 in.1.12
in.0.309438.162.77 1V24 in.1.33 in.0.132624.077.49 Concentration of butane
in the feed was 1 Rﬂm}eect@afomemng aMuraliBQPwMis®Yoridbitst daeh havmp ah y&ér zone and a

ol ten S@erf c& gl lutfo ta tt[?f%@lgat-tl%hﬁ??r%dﬁhcanqmg d&qupﬂf?on%a%:fcgd X)@Eted 96 percent

by weig ter t e--ca activat e re profil-e
of 15 tﬁ%ﬂ@é?%waﬁ?@d"téﬁw%rﬁ@?”ﬁ"?ﬁ%? MY ehanpedommeg by helerogriepises of
t he preseatlylicmvatstial disposedwiteid @adhrtamiuit Wiring Spetstoh MedseaBena®bizondshien about fifty

pe rcent. cathg ﬁ&\ﬁrﬁttﬁeaslah% or Blﬁerg'ﬁ e'nplﬁQIoﬁzg th& Bﬁéitru[hhzg] goé’l\%{m $ f éoﬁéuﬁ'% frequency

bei ng ‘preésent i n su S to MACF 0Scopi C
pr operti é’gh'ﬁﬁacﬁﬁ"r&s‘@%ﬁ%{'ﬂéﬂm&'ﬁﬁ’ﬁ%‘iﬁ?ﬁ“"@r"ff§§/§‘l"€1"ﬁ "“%?é’leé “‘tariéanler equency or 20
pr opor t i perperfd@nasto de longihaitibi dosrdinate tieraba Befiniyl Ratiradbfitied dope, iafid the be regar ded

as about s;@@ncelg%o?@ﬁémﬁ;ﬁslﬁ@:{t?eastt if‘dﬂ&é &lch %at dath &irﬁ:{?'sf?e%% e F&% %P&,El y

except th vari at1 ons have no nore neg e effect
on macr o§@6§)f’e€t'°ﬁr"“6$é‘?"{"i“’e‘§a‘htﬁﬂqu‘i“ﬁ"n‘i’f‘s upstream zone.

2. The flow reactor of Claim 1, further comprising a shell adapted to maintain during
operation the outer surface of each conduit predominantly in contact with a heat-transfer medium,

and having an inlet in flow communication with an outlet for the heat-transfer medium.

3. The flow reactor of Claim 1 or Claim 2, wherein cross-section-and length of each
zone are sized so that the heat generated during any exorthermic reactions occurring inside the
conduits of the zone does not exceed the amount of heat capable of being transferred to and

removed by the heat transfer medium surrounding the conduits.

4. The flow reactor according to any preceding claim, wherein the sequence of

Zones comprises at least four zones.

B. The flow reactor according to any preceding claim, wherein the cross-section of
the conduit in each zone has a substantially circular from with a diameter such that the third
power of the diameter is equal to the product of the volume and a geometric factor having values
in a ranger from about 0.01 to about 0.50, and wherein the geometric factor of each downstream

. zone is larger than the contiguous upstream zone for the sequence of zones comprises at least

three zones.
6. The flow reactor according to claim 5, wherein the geometric factor of each
downstream zone is larger than the contiguous upstream zone for the sequence of zones

comprises at least four zones.
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outcone are permtted, typically up to about one percent. 25 January 2006
CLAIM5: 1. A flow reactor conprising a plurality of wall edjgarépptes each
havi ng an outer surface disposed for contact with a heat-transfer medi um
an inlet distribution manifold adapted for flow conmmunication with an
downstream mani fol d through channel s fornmed by heterogeneous catalytic
mat eri al di sposed within each conduit during operation in a sequence of
zones for catalyst having the sanme or different I ength along the

| ongi tudi nal coordinate of the conduit and wi thin each zone essentially

uni form cross+sect *I'Qenflo@freéclfb‘?a&gﬂﬁil Itt;an Fb%éﬁuﬁ;ctldlrﬁ‘ mﬁe%tnatﬁbezon&q{n%@%tcu' ar to

t he Ionglht udltn%L C ord| ate F ning volune of the zone, "and the
sequence "8f° ZGREE" 't%\dt'”a ‘é’&?ﬁ”ateﬁf%téeafb%%te’§uch that each downstream

zone has a | arger cr oss sectl on and vol une than the contiguous upstream

zone. 2. The §low rrﬁ‘@qtbt&éacibfra@o.%lnatolona.mr\trtb%nﬁQHPBEé Sttt ofthe Blubir #dapt ed to

" maintain _dyr 0 each condui t predom-nantly
in contad éhzof'%haﬁ sé’é%a'tt?@ﬁg?ug' %H%m“h?#'am‘étﬁrds”ﬁ'h\'??tﬁbe HH RowPet fien 11 ow
communi c &iameter wieadal teriheorreduetof fhe voltheartterdeonetin &fer havipgivalres a3ang fremf | ow
react or QbodcbaidobbsUioGb@ M 2, wherein cross-section and | ength of each
zone are sized so that the heat generated during any exortherm c reactions
occurring inside the conduits of the zone does not exceed the anmount of
heat capabl e 8f bellRflowreasior agcpiditlg toaClaime, wherein the dedietidfectdrebeach r ansf er

medi um s dbwtedh e iBrg6ramAlihd @ntighous UpSirebn®8hd BARE Mquaice of Hh&g to any

g(r)ﬁggdl ngo%%gsfn%“evg&%uglzn t he sequence of zones conprises at |east four

ow readt'6r accor di ng to any preceding claim wherein the

cross-section of the conduit in each zone has a substantially circular
IL om wi tj h a dn@[nﬁt e f:i,w&éhctohéaco.tmgtotéaypr|a.me\2@J4 &d 9168, »dteﬂarmh@ﬁow s equal to

e pro e vol u e aving in a ranger j
f r om abore el SrtiBititRoBond BeliR bt Ptk gan i e T ipors Sach
downst r e&hallggenadyitg of @ﬁ@@ﬁffqah'amnet and teeorleralipoud wellagpendubsaiphittearier Upsireamh e
sequence zéHe; Z §Ha8 SdpRARS m&:ﬁtsln@tlrmlg%éﬁ'ﬁtlonttw&n%r 8GH3ES the ﬁluraTt?Sf Wdieyv react or
accor di ngor{dﬁts olf ?%chtE?ne rﬁV\Qc%mmarqtlymcs ng mfaitart{e(a:t t*aogft Oreéilugleadjc tﬂ%@egﬁnir{grnggm zone

is larg Feam20ka
conpri se§” igtet 'F@@EFOY’PWCE'MH@Q an ogstf%‘lomﬁuhamyat- o0der medPime f | ow react or
according to any preceding claim wherein the zones for catalyst have a

total length ﬂ.ongTﬁet}Bwlré)agg éclégrldaﬂga l GSR rtgl N3k § fleagttomla gr%‘s?stové} cﬁ';}?%b%F S

has an inlet in flow communication with the plurality of walled conduits of a downstream zone.

12. The flow reacter according to Claim 10, including the features of any Claims 2 to
4and5t09. o '
13. A process which includes exothermic chemical conversions of organic

compounds to value added products using a selective heterogeneous catalyst in at least one flow
reactor comprising a plurality of walled conduits each having an outer surface disposed for
contact with a heat-transfer medium, an inlet distribution manifold adapted for flow
communication with an downstream manifold through channels formed by hetegeneous catalytic
material disposed within each conduit during operation in a sequence of zones having the same
or different length along the longitudinal coordinate of the conduit and within each zone
essentially uniform cross-section of the conduit measured in a plane perpendicular to the
longitudinal coordinate thereby defining volume of the zone, and the sequence of zones
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8. The flow reactor according to claim5, wherein the cross-section of the
conduit in each zone has a substantially circular form wsth,adbaget er
such that the third power of the dianmeter is equal to the product of the
vol une and a geonetric factor having values a range from about 0.015 to
about 0.100. 9. The flow reactor according to Claima8, wherein the
geonetric factor of each downstream zone is |larger than the contiguous
upstream zone for the sequence of zones conprises at |east four zones. 10.
The f| owcereacing et leastibredizorgs shalvey esh dGvastresn 2orkbada ArYEr Gods@edion whter ei n t he
flow regghQs mbiink REHigsREMrefszondl | €ast one crossover chamber in flow
comuni cation with the plurality of walled conduits of a downstream zone
and the plurality of walled conduits of the prior upstream zone; a shell
adapt ed to mailft ai Fheduwdesspcopdingtbicaim t3weheaint be esithefraic ehetnival gohwersidnst y - of

val | ed Gpcﬂgéh'ictc%m éun@@@k}a@@me@s.e&le@aaﬁxaﬁéeyo*.&t.w&%a%né/urfamy@ro&%k transfer
medi um g communication wth-an-outl et

for fl OWS%?Ctetc{}@"ht 9r°'t'pr%?H§Tt' ?°frPetH’itﬂTﬁ1 b“ﬂ“ T"H‘eb‘ft?ddﬁf\‘)e e 98 BeelSccor ding to

Cl ai m 10anhydeédeei n at | east one crossover .chanber has an inlet in flow
comuni cation with the plurali ty of wal | ed condui ts of a downstream zone.
12. The flowr actghr accor di ng Lm 10, thn di ng the features of any
Cainms 2 to 4 And 5"%P6P08S 3F%r W‘BP@E% EWREFILE PRoRey eBE RBYEHES cheni cal
conver si ghxgagfc compriniicto valeagsidethpieducts combrises axididich ginddiact © fuminmipia sel ective

heter ogeaﬁ@umeq)@m{wﬁg rt-Bhta'Fk at ea%nceﬁteat.&i iR%h oXy8&tddRiainfg gps]g Wi me@t pl ;Jr al 't L y
or contact w

of walled tg'ondéjngitsl n ﬁ\{ Tq out er I_'{Lirface di spose
‘a heat - t FARST &1RTREY E”?; PalY YT p?ﬁsglfqﬂl'so"’h Po¥*rani fol d adapted for flow
comuni cation with an downstream mani fold through channels formed by

het egeneous c#d.al y’meq:roceata@asdrmgtelaﬁ,pa%e%smttmmmnn&@m k during
operatiop._i zanes ) di fferent | ength aI ong

the | ong{ntaﬂg"med t a%%"d?%&rﬂrg? a35nee Itlrgm@hﬂg aéi{ggé%%oﬂﬁsta °n each zone

essentially uniformcross-section of the conduit nmeasured in a plane

per pendi cul ar1t.o the prdc@@@c&d&ﬂﬁﬂ@bnﬁ&@hﬂisﬂ@ﬁ@1EI mﬁérahme%éé Bddigh afol ume of
mpri.sing at | east

t he zone uen ua 2006
i on  ceadBuidleerk SR SRER nEH 3 R8P Rors SRR AR e Foe.feglieh T PRREMBIRE, o hrd
vol une t Hesireamecnedylerog by @s ampunt sush thay duming opedatioMiemperpiytse oktheiexsthedi ng t o

cl ai m 13aydiedstied aloh@the ¥eHidIRE Bl ethoGRdiheRE0°C RIRKEN tenAtSheaOfanSedA&tivim Compounds
to val ue,, ?Qr%fﬂ roducts conprises oxidation of benzene or a hydrocarbon

selected e group consi sting of n-butane, butane-1 and butadiene, to
form mal ei ¢ anhydri de.

18. The process. of any of Claims 13 to 17, carried out in a flow according any of
Claims 1 to 4, and 5 to 12,
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15. The process according.to claim13 wherein the exotherm c chem cal
conversions of organic conpounds to val ue added product 25 ¢agafy 385

oxi dation of n-butane to form maleic anhydride by contacting n-butane at
| ow concentration in an oxygen-containing gas with a fixed catalyst
conprising principally tungsten, phosphorus and oxygen. 16. The process
according to any of clains 13 to 15 wherein the catalyst is naintained at
a tenper at WwoeBoitma range from about 360C t o about 538@usdiz2sskhe process
according to any of clains 13 to 15, wherein the cross-section of each

downst r eam 20ng wWirelad|ASadbrl:3Ldkil £/ 2 ek iink BBGndifierELASS sect | on of

the contiguous wupstream zone IS by’ an anou during
oper at i on $EMFOWABIREES ZgE tSh@F@f(dB’q"Pe hﬁ CRigyRNR UpFleRiTalZoRRy fethihecent er | i ne

are no norg @ép@@omﬁ‘eﬂog{ﬂﬁgmgtﬁmsgtmeg@ﬁg transfer medium tenperature. 18.
The process of any of % carried out in a flow accordi ng any

of Cainms 1 t84 aﬂﬁ‘?ﬂ’e§ ‘E"BChl’Qdu %h%rawychzme* ARYRSYPR51%f AGBNIOCT| USO2/ 22550
23. Thesf IaDWpomﬁistt@Wahaﬁ:mn!EﬁilpmguétQuﬁhg’ih eiddive WaebgdrRoteatgpemestri ¢ factor of

each dO\Nn%%J ?gf[;g ﬁb?\ﬂ%aétgr CO%P'I%? t{ﬂﬁahty hf\ﬁ?(iiont I{glﬁ! eac;ﬁas\;[irgge%}m one for the

sequence of zones conp ¥ss which
i ncl udes e%@ﬁ%%eﬁ'ﬁi’@e@:rf@rrwmct th&erhsa?dwssbf mediganiac inlBt gistiputionds t o val ue

added pr oditsiaiap 3os b CoikEnbAoR ABCR SRAstahAnkAtod Brdlon | O er

flow reactcgr cg;orr‘,.[grlsmg_fﬁt Ul‘alté condui ts eac

surface di A Ry ieteredensque 1ha 'Yﬂ‘éﬁlatefli"aﬁ‘ﬁ@f’@td N eAeD capAuitn| et

di st ][l :m(;t idoring ﬁmmtsbﬂluda afi:ﬂ:ah@doffzeﬁegf Ih@WgQiﬁHféﬁpHél & tieRdht ‘Vé'lnéﬂﬂ gongownst rFam

mani fol d t, n eous cata rrat eria

di sposed V\Ilm{ ﬁHﬁag’Q%h&c@% Q[f%leocod'ﬂ??/ﬂ'édegﬁm g#&ﬂ"‘? ﬁs%?"@éb'@' B of zones

havi ng t heroserhgction Oﬁihﬁfcgrl@rttmeta@nlgﬁm al pang petplaaduttmngo ttrwdlommﬂudmmor di nate of

the C0ndU|c'boralﬂﬁlteV‘!I‘fél'@zbﬁl o%%rﬂ] 7280e eﬁsﬁgtioﬂél ¥ndupl'\' Fé{ﬂ]&nc%r gpEction of the
e T'ohg

condui t nmeasur ed ane perpendicular to i tudi Aal coordinate
t her eby d&PPPISHY E\?%F‘%r?go #ines phch it gachgeynstisamzenp s addiffent 6198 conpri si ng
at | east tsemioz timeshesaoafyubitaipsegmhzanewnst ream zone has a di fferent cross- 15
& ai m 24, aherh n TRerBSaL SrtiaTEy1o SRR AR herd e FruRnrCa B Bonpr | Ses. at
| east thr éfé?f@@)'rf@@m@@“pﬂﬁh%atma@t%ss zaggsor di ng to claim24, wherein the cross
section and |2%ngtﬂe0$r0€e%§i&cgd?t§]ﬁg ) clal® o] HEGS IR Qos@lsBerdh 28 SO that the
heat gene a%t% of each zo%e in the flow reactor are sized so that the heat generated during
20  any exothermic reactions accurring inside the conduits of the zone does not exceed
the amount of heat capabie of being transferred to and removed by the heat transfer
medium surrounding the conduits.
27.  The process according to' Claim 24, wherein that each downstream -
zonge in the flow reaqtor has a larger cross-section than the contiguous upstream
25  zone.
28. The process according to Claim 24, wherein that each downstream
zone in the flow reactor has a larger volume than the contiguous upstream zone.
~29.  The process according to Claim 24 wherein the exothermic chemical
conversions of organic compounds to value added products comprises oxidation of
30 benzene or a hydrocarbon selected from the group consisting of n-butane, butene-1
and butadiene, to form maieic anhydride.
30. © The process according to Claim 24 wherein the exothermic chemical
conversions of organic compounds to value added products comprises oxidation of
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20 any exotherm c reactions occurring inside the conduits of the zone does
not exceed the anobunt of heat capable of being transferrgdljsuaapngogeenoved
by the heat transfer medium surroundi-ng the conduits. 27. The process
according to Claim 24, wherein that each downstream zone in the flow
reactor has a larger cross-section than the contiguous upstream 25 zone.
28. The process according to Caim 24, wherein that each downstream zone
in the fl oWOi8id44r has a | arger vol une than the contBuswe23pst ream zone.
29. The process according to C aim 24 wherein the exotherm c chem cal

conver si onfspufdne @ @ﬁﬁlnfa;émmwsa@ Sy b@xtébﬂxhgh@b@m ol aﬁmrancﬁxqmﬁ I ses
oxidation of 30 benzene ﬂé al %( ﬁggl n sel ected
n

m up
consi st i ng*HF" ﬁo'HﬂP'ﬁ?’legaSbtﬂ Yt SoHIPENR W‘BC‘P%I?' nf“ﬁ%slt ‘¢ anhydri de.
30. The pmdnmhsruaembmwgafrg to Claim24 wherein the exothermc chenical

oxi dat 1 on of -y SEERGEIRILBNR AR 28 raR0 e LIRS SoB8RR DY ane 1o
for m ned- eista lenippEhtirel e aygnasdiemeabp Hir§0ie- tbabeuh B3ME. | ow concentration in an

oxygen- cont ai jong %SereE@a&ofdinﬁ%iC%@h%@reﬁﬂﬁ@'&:‘o% E‘é]:trcﬂf bikpal Iy
t ungst en. phosghor us v@ gmn 31 process accord (% to Claim?24
i

wher ei n t H@WesEEaM aﬁtaa’iaﬁ’@le Crogs- Se&f"’“ath?’éﬁ'i‘r’ei”aﬁﬁeét'qnn d"% ange from
about 360@omtigu<a,t301.;1;str5§ﬁ&oné325 |aFteer Weﬁeﬁrmuabemhdlhagdhng@wambrﬂ wherein the
Cross-sec tre e . ar 0Ss-section

t han t he é%ngiéré?%rggt@f? @ﬁ eQQX‘%}ﬁ ds @%gr?ﬁ %Qt%o\ﬁh ﬂ? @ H‘g & {ha? ger by an
amount 1%sudA°G higher thar thedealgensied rosdium @mvenamrajr es of t he exot herm as neasur ed
along the centerline are no nore than to 50C higher than the heat-transfer
medi um t enper at ur e. :
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